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I. INTRODUCTION 
It has been known for many years that Intracellular 
proteins are continually degraded and resynthesized within 
normally functioning cells. Although protein synthesis has 
been studied extensively, the mechanism of intracellular 
protein degradation has not been investigated until recently. 
Because protein synthesis and degradation work coordinately 
to regulate concentrations of all proteins within cells, it 
is essential that both these processes be understood before 
the mechanisms regulating intracellular concentration of 
specific proteins can be comprehended. 
Although little is known about intracellular protein 
degradation in general, even less is known about this phe­
nomenon in the muscle cells. Because a large percentage of 
the total protein in muscle cells is composed of myofibrillar 
proteins, rate of production of myofibrillar proteins, and 
hence, rate of muscle growth may be, in part, determined by 
rate of protein degradation in muscle tissue. Although it 
is known that myofibrillar proteins turn over in muscle 
cells, very little is known about the mechanism or control 
of myofibrillar protein degradation in muscle. 
Intracellular protein degradation is almost certainly 
caused by proteolytic enzymes located within the cell. Con­
sequently one way to study intracellular protein degradation 
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in muscle is to isolate proteases from muscle and determine 
the catalytic properties of these proteases. For margr years 
it was supposed that catheptic proteases in lysosomes were 
responsible for intracellular protein degradation in muscle 
as well as in other cells. Catheptic enzymes function 
optimally only at the low pH values that exist in the 
lysosome, however, and it seems very likely that catheptic 
degradation of proteins must occur intralysosomally. Recent 
studies have shown that lysosomes cannot engulf myofibrils 
or thick or thin filaments, and it is therefore difficult 
to envision catheptic enzymes as responsible for breakdown 
of myofibrillar structure. In addition, catheptic enzymes 
have been shown unable to degrade intact myofibrils in 
vitro even at pH values optimum for catheptic activity. 
It is also extremely doubtful lAether activity of cathepsins, 
once released in a normally functioning cell, could be con­
trolled sufficiently to prevent indiscriminate destruction 
of all protein components in the cell. It thus appears very 
unlikely that cathepsins are responsible for physiological, 
intracellular, protein degradation. 
A more likely candidate as the factor responsible for 
intracellular protein degradation during metabolic turnover 
of myofibrils would be a soluble protease under stringent 
controls that prevent it from dismantling large numbers of 
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normal myofibrils. Thus, neutral proteolytic enzymes iso­
lated from muscle tissue are immediately implicated as pos­
sibly being involved in protein turnover in muscle cells. 
This study describes the purification from muscle tissue of 
a Ca^ *-activated factor (CAP) that rapidly removes Z-disks 
from myofibrils and that cleaves the myofibrillar proteins 
troponin, tropomyosin, and C-protein. CAP is the first 
proteolytic enzyme endogenous to muscle that has been con­
clusively shown to alter structural integrity of the myo­
fibril in vitro. It is therefore feasible that GAF may be 
a factor involved in physiological turnover of myofibrillar 
proteins in vivo. 
Because it rapidly releases a-actinin from the Z-disk 
Dut has no detectable effect on either purified a-actinin 
or purified P-actin in vitro. CAP may also provide a con­
venient tool for study of Z-disk structure. Mors informa­
tion as to the exact chemical and physical nature of the 
Z-disk would be helpful in delineating its physiological 
role. Although it seems likely that the Z-disk is involved 
in organizing and maintaining the three-dimensional structure 
of the myofibril 5 the mechanism used to perform these func­
tions is presently unclear. It is also known that Z-disk 
structure changes during muscle contraction; however, it is 
not known whether any of the Z-disk proteins have an active 
role in developing the contractile force. Until recently 
1+ 
a-actinin was the only protein known to be located in the 
Z-disk, but antibody studies have now shown that tropomyo­
sin may also be present in the Z-disk. Because purified 
a-actinin does not bind to purified tropomyosin in vitro, 
the arrangement of these two proteins in the Z-disk is un­
certain. It seems likely therefore, that the molecular 
structure of the Z-disk may be more complex than originally 
thought. In this study the effect of CAP on mixtures of 
a-actinin-F-actin has been studied in vitro in an attempt 
to determine if in vitro binding of a-actinin to actin is 
analogous to the vivo bond which holds a-actinin in the 
Z-disk. These studies have indicated that the a-actinin-
F-actin interaction in the Z-disk in vivo must differ from 
the a-actinin-F-actin interaction that occurs when these 
proteins are mixed ^  vitro. 
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II. LITERATURE REVIEW 
Over 30 years ago, Schoenheimer (19^ 2) showed that 
intracellular proteins are continually degraded and syn­
thesized within the cell. It has since been established 
that concentration of any protein in a cell depends on the 
difference between rate of synthesis and rate of degrada­
tion of that protein in the cell. Although a great deal is 
known about the mechanism and factors controlling rate of 
protein synthesis, very little is known about the mechanism 
of intracellular protein degradation. This review will 
first discuss what is known in general about intracellular 
protein degradation and will then review the more specific 
topic of intracellular degradation of the myofibrillar pro­
teins by endogenous proteolytic enzymes. 
A, General Features of Intracellular 
Protein Degradation 
The complexity of the system used for intracellular 
protein degradation is illustrated by the widely divergent 
half-lives of various proteins (Schimke, 1969, 1970, 1973? 
Schimke and Doyle, 1970). Proteins in rat liver have an 
average half-life of 3.5 days (Schimke, 1970), whereas spe­
cific liver proteins have half=lives ranging from 11 min 
for ornithine decarboxylase (Russel and Snyder, 1971) to 
6 
19 days for isozyme 5 of lactate dehydrogenase (Fritz et al., 
1973)• There is also evidence that individual proteins of 
the plasma membranes (Dehlinger and Schimke, 1972; Gurd and 
Evans, 1973), endoplasmic reticulum (Arias et al., 1969; 
Dehlinger and Schimke, 1972; Kuriyama et al., 1969), ribo-
somes (Dice and Schimke, 1972), mitochondria (Druyan et al., 
1968; Swick et al., 1968), and chromosomes (Dice and Schimke, 
1973) turnover at distinct rates different from the turnover 
rates of other proteins in the same organelle. A specific 
example of heterogeneous turnover of different proteins 
constituting a single organelle is found in the mitochon­
dria of cardiac muscle, where the enzymes 6-aminolevulinate 
synthetase and ornithine transcarbamylase turn over much 
more rapidly than the cytochromes and other proteins of the 
inner mitochondrial membrane (Druyan et al., 1968). In ad­
dition, although some evidence szists to the contrary 
(Rabinowitz, 1973), several Investigators have reported that 
myofibrillar proteins turn over at heterogeneous rates 
(Funabiki and Cassens, 1972; Koizumi, 197^ ; Low and Goldberg, 
1973; Wikman-Coffelt et al., 1973). 
Rates of intracellular protein degradation and syn­
thesis also vary in response to physiological stimuli. 
Such environmental factors as a change in nutrient supply 
(Goldbergand Dice, 197^ ), denervation (Goldberg, 1969; 
Pearlstein and Kohn, 1964), hormones (Goldberg, 1969), and 
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contractile activity (Goldberg and Dice, 197^ ) have been 
shown to alter the average rate of protein degradation in 
muscle. In liver, the influence of environmental and 
physiological stimuli on protein synthesis and degradation 
is seen in the response of liver cells to treatment with 
either hydrocortisone or tryptophan. Schimke et al. (196*+, 
196^ b) have shown that administration of hydrocortisone re­
sults in an increased level of tryptophan oxygenase in 
liver cells because rate of protein s3mthesis increases 
four- to five-fold while rate of protein degradation re­
mains unchanged. Similarly, administration of tryptophan 
results in an increase in tryptophan oxygenase, but this 
occurs because, rate of protein degradation decreases and 
rate of protein synthesis remains unchanged. In addition, 
Goldberg (1969) has shown that work-induced hypertrophy 
of rat skeletal muscle results from the combined effects 
of an increased rate of protein synthesis and a decreased 
rate of protein degradation, whereas hypertrophy in the same 
muscle in response to growth hormone results from an in­
creased rate of protein synthesis with no change in rate of 
protein degradation. It is obvious from these examples that 
cells can regulate rate of protein synthesis and rate of 
protein degradation independently to control concentrations 
of intracellular proteins. 
The different half-lives of different proteins in the 
8 
cell and the demonstrated ability of the cell to vary rate 
of protein synthesis or rate of protein degradation, or 
both, in response to physiological stimuli suggest intra­
cellular synthesis and degradation of protein are subject 
to strict biological controls. Originally, this discovery 
precipitated a concentrated research effort in the area of 
protein synthesis and a relatively large amount of informa­
tion has now been accumulated about the mechanism and con­
trol of protein biosynthesis. The mechanism and control of 
intracellular protein degradation, on the other hand, is 
poorly understood. As the result of some recent work by 
several different investigators, some experimentally test­
able hypotheses have been proposed as to how intracellular 
protein degradation might be regulated. These ideas can be 
categorized into two broad groups: 1) those theories pro­
posing that alterations in the structure of intracellular 
proteins may make them more or less susceptible to proteases 
acting continuously within the cell; and 2) those theories 
proposing that alterations in the activity, specificity or 
quantity, individually or in combination, of intracellular 
proteases may determine the rate at which intracellular 
proteins are degraded. 
The theory that a protein's structure determines its 
susceptibility to degradation is supported by the observa­
tion that cells selectively degrade abnormal proteins at 
4 
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accelerated rates. For example, bacterial cells degrade 
abnormal proteins originating from mutations in genetic ma­
terial (Goldschmidt, 1970; Lin and Zabin, 1972), incorpora­
tion of amino acid analogs (Goldberg, 1972; Pine, 1967), and 
errors in translation (Goldberg, 1972; Pine, 1967) more 
rapidly than they degrade the corresponding normal proteins. 
Similarly, mammalian cells selectively degrade abnormal 
proteins formed as a result of mutational events (Adams et 
al., 1972; Harris, 1972) or incorporation of amino acid 
analogs (Goldberg and Dice, 197^ ; Rabinowitz and Fisher, 
1961, 196^ ). 
In addition to the ability to selectively degrade 
abnormal proteins, strong evidence indicates that mammalian 
cells can alter the rate of protein catabolism in response 
to supply of substrates, coenzymes, or other factors that 
bind to proteins (Goldberg and Dies, 1974; Rabinowitz and 
Fisher, 1961, 1964). Present studies suggest that these 
relatively small molecules affect rate of degradation by 
ligand-induced alterations in the protein's conformation. 
It is well known that proteins are partially unfolding and 
refolding constantly (breathing) (Englander et al., 1972) 
and that binding of ligands affects the frequency of this 
breathing process. Citri (1973) has shown that binding of 
ligands to a polypeptide can alter susceptibility of the 
protein to proteolytic cleavage, Citri's findings (Citri, 
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1973) are supported by observations that various ligands 
reduce the protease sensitivity of ribonuolease (Markus et 
a]., 1968), aspartate transcarbamylase (McClintock and 
Markus, 1968), serum albumin (Markus, 196?), and staphylococ­
cal nuclease (Taniuchi et al., 1969)• Additionally, it has 
been demonstrated that substrate analogs make aldolase more 
resistant to hydrolysis by carboxypeptidase (Adelman et al., 
1968), and binding of glucose renders hexokinase less sen­
sitive to tryptic degradation. It has also been reported 
that binding of a single ligand to a protein can reduce the 
sensitivity of that protein to degradation by proteases 
having very different chemical specificities (Citri, 1973; 
Markus, 196?; Taniuchi et al., 1969). It is possible that 
the ability of ligands to retard degradation of proteins 
by proteolytic enzymes may explain the ability of sub­
strates and cofactors to influence rates of protein degra­
dation in vivo. Several investigators (Ballard and Hopgood, 
1973; Bo jar ski andHiatt, I960; Drysdale and Munro, 1966; 
Hillcoat et al., 1967) have shown that substrates or co-
factors or both may protect the apoprotein part of their 
specific holoenzyme from intracellular, proteolytic degra­
dation. Thus, as noted previously, administration of 
tryptophan to a rat results in increased levels of tryptophan 
oxygenase as a consequence of a decreased rate of enzyme 
degradation (Schimke et al,,196?a, 1965b) coupled with an 
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increased rate of enzyme synthesis (Pirias and Knox, 1967). 
These same studies also showed that, in cell-free extracts, 
tryptophan or its analogs increase the resistance of 
tryptophan oxygenase to proteolysis by chymotrypsin, trypsin, 
or a protease from streptomyces (Schimke et al., 1965a, 
1965b). 
These results indicating that the presence of sub­
strates or cofactors reduces rate of enzymic degradation of 
protein have prompted Litwack and Rosenfeld (1973) to pro­
pose that tightness of cofactor binding may, in part, regu­
late the rate of intracellular degradation of specific pro­
teins. It has also been suggested that a regulatory mech­
anism involving ligand binding could explain the increase 
in protein catabolism observed during starvation (Goldberg, 
197^ ; Goldberg et al., 197^ ; Mandelstam, I960; Willetts, 
1965). In starving animals, both substrates and eofactors 
for many enzymes would be in short supply, and many enzyme 
proteins might not have cofactors bound to them. Hence, 
the increased protein degradation observed in starving ani­
mals might result from an increase in susceptibility of 
enzymes containing no bound cofactors to intracellular 
proteases. 
Another line of evidence supporting the theory that 
protein structure influences the vivo degradation rate 
of intracellular proteins is the correlation between rate 
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of degradation of some proteins i^  vivo and their suscep­
tibility to proteases in vitro. Goldberg (19740 has shown 
that abnormal proteins formed in the cell in response to 
various treatments are preferentially degraded by the cell 
and that these same abnormal proteins are more susceptible 
to ^  vitro hydrolysis by trypsin, chymotrypsin, pronase, 
or subtilisin than the corresponding normal proteins are. 
It therefore seems that certain structural abnormalities 
may render a protein more susceptible to proteolytic attack 
and that increased vulnerability to proteolysis may play a 
role in regulating the rate of intracellular protein turn­
over . 
Although the preceding observations support the belief 
that protein degradation is regulated by structural changes 
in the proteins being degraded, other observations concern­
ing intracellular protein eatabolism cannot be explained 
within the framework of this theory. Consequently, a 
second group of theories has been proposed that are predi­
cated on the idea that alterations in the activity, spe­
cificity or quality, individually or collectively, of 
intracellular proteases determines the rate at which intra­
cellular proteins are degraded. 
Supporters of this second group of theories point out 
that several well-documented reports exist of the same en­
zyme having radically different half-lives in different 
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tissues. One such enzyme, alanine aminotransferase (Segal 
et al., 1969) has a half-life of 20 days in rat skeletal 
muscle but only three days in rat liver. This observation 
seems to be applicable to most proteins found in liver and 
muscle cells because, on the average, half-lives of pro­
teins, in the liver are much shorter than half-lives for 
identical proteins found in skeletal muscle. It seems un­
likely that the structural characteristics of an enzyme in 
liver would be radically different from the structural 
characteristics of the same enzyme in skeletal muscle. If 
this is true, then the protein degradation machinery in 
the liver must be more efficient than it is in skeletal 
muscle. 
In addition to the fact that the same enzyme protein 
has two different rates of degradation in two different 
tissues, it seems doubtful that alterations in the average 
rate of intracellular protein degradation produced in re­
sponse to varying environmental and physiological condi­
tions can be explained solely on the basis of the overall 
sensitivity of the proteins involved to proteolytic degra­
dation. Starvation of E. coli results in a dramatic in­
crease in protein degradation (Goldberg, 197^ ; Goldberg et 
al., 197^ 5 Mandelstam, I960; Willetts, 1965) with an 
especially large increase in rate of degradation of the 
more stable proteins in the cell (Nath and Koch, 1971; 
14 
Pine, 1965)* It has been impossible, however, to demon­
strate in vitro that proteins in whole cell lysates from 
starved E. coli cells are more susceptible to degradation 
by exogenous proteases than proteins in whole cell lysates 
from unstarved E. coll. Consequently, it seems probable 
that the increase in protein catabolism coincident with 
starvation in E. coli is not due to an increased sensi­
tivity of intracellular proteins to proteolytic enzymes, 
but originates from an activation of enzymes responsible 
for intracellular protein hydrolysis. 
Another factor emphasizing the importance of the 
degradative system in regulation of protein synthesis is 
the discovery of intracellular proteases specific for cer­
tain groups of related proteins. Katunuma et al. (1971a, 
1971b, 1973) have found serine proteases specific for en­
zymes requiring NAD or pyrldoxal-cofactors in several mam­
malian tissues. Although the mechanism by which these 
group-specific proteases function is not known, it is con­
ceivable that the action of these enzymes on their specific 
substrate proteins renders these otherwise stable proteins 
susceptible to attack by less specific proteolytic enzymes 
in the cell (Katunuma, 1973). Thus, group-specific 
proteases may be a proteolytic system superimposed upon 
a more general degradative system also found in cells; and, 
as such, may insure rapid degradation of specific intra-
1? 
cellular proteins in response to specific environmental 
stimuli. 
It is obvious from the preceding discussion that neither 
regulation of the rate of protein degradation via altera­
tions in protein structure nor regulation of the rate of 
protein degradation via activation of intracellular 
proteolytic enzymes is adequate to explain the observed 
complexities of intracellular protein degradation. Based 
on existing data, it seems likely that the actual regulation 
of intracellular protein catabolism occurs via a mechanism 
which combines both these concepts. Thus, although struc­
tural changes may render proteins more or less susceptible 
to proteolysis, activity of the proteolytic enzymes re­
sponsible for this degradation is also under stringent con­
trols. In addition, there appears to be a system of group-
specific proteases that are highly specific for rapid degra­
dation of a limited number of specific proteins. These 
strict controls on protein degradation seem necessary in 
view of the important role of protein catabolism in living 
cells. 
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B. Physiological Functions of Intracellular 
Protein Degradation 
Although it may seem extremely wasteful for a cell to 
degrade protein that it has expended considerable amounts 
of energy to synthesize, intracellular protein degradation 
has at least three important physiological functions (Gold­
berg and Dice, 197^ ). Intracellular protein degradation 
enables a cell to catabolize any abnormal proteins that 
have accumulated as a result of genetic errors, denatura-
tion, or chemical modifications (Goldberg and Dice, 1974). 
As discussed in the preceding section of this review, com­
pelling evidence exists to show that animal cells can 
preferentially hydrolyze abnormal cellular proteins. This 
ability to destroy abnormal proteins would be especially 
important in slowly growing mammalian cells which, in con­
trast to bacteria, cannot dilute aberrant proteins by rapid 
growth. 
In addition to destroying abnormal proteins, intra­
cellular protein degradation also enhances the ability of 
an organism to adapt to its environment (Goldberg and Dice, 
19740. An active protein degradation system allows the 
cell to specifically catabolize enzymes which are no 
longer necessary for cell function, and thereby make the 
amino acids in these proteins available for synthesis of 
new proteins necessary for survival in a new or changing 
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environment. Because the ability to adapt to a new environ­
ment is one of the most important factors in survival of a 
species, it seems likely that the ability to degrade un-
needed enzymes would be carefully preserved by evolution. 
The ability to degrade intracellular proteins could 
also provide needed amino acids and energy for the cell dur­
ing times of decreased food intake (Goldberg and Dice, 
197^ ). In mammals, cell protein constitutes a major energy 
reservoir that can be mobilized during lowered caloric in­
take. During stress, protein stores in muscle and liver 
can provide amino acids that are either oxidized directly 
or converted into glucose and, in this way, make energy 
stored in cellular proteins available to the cell during 
periods of low energy intake. 
It seems likely that, as more is learned about the 
mechanism and control of intracellular protein degradation, 
the role of protein turnover in cellular function will be­
come more clearly defined and physiological functions of 
protein turnover in addition to the three discussed in 
this section may be discovered. 
C. Myofibrillar Structure 
The myofibrillar proteins constitute the contractile 
apparatus of the skeletal muscle cell and make up more than 
of total intracellular protein in this tissue. Many 
18 
studies (Desmond and Harary, 1972; Dreyfus et al., I960; 
Funabiki and Cassens, 1972; Low and Goldberg, 1973; 
Martonosi and Halpin, 1972; McManus and Mueller, 1966; 
Schapira et al., 1962; 8wick and Song, 197^ ; Velick, 1956; 
Wikman-Coffelt et al., 1973; Zak et al.,1971) have shown 
that myofibrillar proteins turn over, although considerable 
disagreement exists among these workers as to half-lives of 
the specific myofibrillar proteins. Myofibrillar proteins 
are assembled into highly organized and very specific 
structural arrays in skeletal muscle, and the presence of 
these structural arrays has considerable importance for the 
mechanism used to degrade myofibrillar proteins. Conse­
quently, it will be beneficial to examine the structure of 
the organelle which makes up the contractile apparatus of 
the striated muscle cell and in which all myofibrillar 
proteins are located—the myofibril-
1. Myofibrillar proteins 
Eie contractile apparatus of striated muscle consists 
of a double array of interdigitating thick and thin fila­
ments (Huxley, 1953, 1957, 1963). The thick filaments are 
composed mainly of the myofibrillar protein, myosin, but 
also contain a small amount of C-protein (Offer, 1972). 
One end of the thin filament is attached to the Z-disk and 
the other end is free and extends between the thick 
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filaments to give striated muscle its characteristic 
interdigitating thick and thin filament architecture. 
Actin forms the backbone of the thin filament and is the 
predominant protein in the thin filament, but tropomyosin 
and troponin are also integral parts of a functional thin 
filament. Tropomyosin is found all along the length of the 
thin filament, and troponin is found spaced at periodic 
38.5 nm intervals along the length of the thin filament. 
Understanding the complex macromolecular structure of 
the myofibril will be greatly facilitated by a review of 
the properties of the myofibrillar proteins that make up 
this structure. There presently are eight known myofibrillar 
proteins in mammalian muscle; myosin, actin, tropomyosin, 
troponin, a-actinin, C-protein, M-protein and p-actinin. 
In this review, no attempt will be made to exhaustively 
describe each of the myofibrillar protein-Sj but rather the 
structure and properties of each protein and their known 
interactions with other myofibrillar proteins will be out­
lined in general. 
The myosin molecule is quite large and complex and 
has a molecular weight of approximately 460,000 daltons 
(Godfrey and Harrington, 1970). It was discovered over 3? 
years ago that myosin is an enzyme exhibiting a potent 
ATPase activity (Engelhardt and Ljubimova, 1939) that is 
activated by Ca^ "^  and inhibited by Mg^ "^ . Interaction of 
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myosin with the other major myofibrillar protein, actin, 
results in formation of a complex of these two proteins, 
called actomyosin. The ATPase activity of actomyosin is 
activated by both Ca^ "*" and (Banga and Szent-Gyorgyi, 
19^ -3). The myosin molecule cannot be classified as either 
globular or fibrous because it contains a significant 
amount of both these general molecular forms. The rod­
like or fibrous portion of the molecule is responsible 
for filament formation at low ionic strength, whereas 
the globular region interacts with actin and hydrolyzes 
ATP (Gergely, 1950, 1953; Szent-Gyorgyi, 1953). 
Because of its very large size, it is not surprising 
that myosin is a multimeric molecule that contains six 
different polypeptide chains. The nature of these poly­
peptide chains varies with muscle fiber type. Skeletal 
muscle myosin contains two large polypeptide chains of 
approximately 200,000 daltons each (heavy chains) (Gazith 
et al., 1970; Gershman et al,, 1969). Noncovalently bound 
to the heavy chains are four small polypeptide chains that 
are approximately 20,000 daltons each (light chains) and 
that seem to be necessary for myosin's ATPase activity 
(Dreizen and Gershman, 1970; Stracher, 1969). These light 
chains have been shown by sodium dodecyl sulfate poly-
acrylamide disc gel electrophoresis (SDS-polyacrylamide 
gel electrophoresis) to consist of three distinct classes 
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that differ in molecular weight (Locker and Hagyard, 1967). 
One class of myosin light chains has a molecular weight of 
18,000 daltons and can be partly removed from the myosin 
molecule by treatment with the sulfhydryl reagent 5j5-
dithio-bis-2-nitrobenzoic acid (DTNB) (Gazith et al., 
1970; Weeds and Lowey, 1971). The myosin molecule retains 
its full ATPase activity after partial removal of the 
"DTNB light chains" by this procedure. The other two 
light chains are chemically related to each other and can 
be removed from the myosin molecule by titration to pH 11 
(Kominz et al., 1959). Because alkaline pH is one of the 
conditions that causes removal of these last two classes 
of light chains from the myosin molecule, these light 
chains have become known as the "alkali light chains". 
SDS-polyacrylamide gel electrophoresis indicates that the 
molecular weights of the two classes of light chains are 
2^ ,000 (Alkali 1) and 16,000 (Alkali 2) (Weeds and Lowey, 
1971). 
Purified myosin is very susceptible to degradation by 
several different proteolytic enzymes, including trypsin 
(Lowey et al., 1969), ohymotrypsin (Gergely et al., 195?), 
papain (Kominz et al., 1965), and subtilisin (Middlebrook, 
1959). Five min of trypsin treatment at a trypsin to myo­
sin ratio of 1 to 300 by weight results initially in 
cleavage of the rod portion of the molecule to yield two 
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fragments, called light meromyosin (LMM) and heavy meromyo-
sin (HMM) (Lowey et al., 1969). LMM is predominately a-
helical, has a molecular weight of 1^ 0,000 daltons, and 
possesses no ATPase activity or actin-combining ability 
(Holtzer et al., 1962), Heavy meromyosin, on the other 
hand, possesses a large amount of globular structure, has 
a molecular weight of 310,000 daltons, and exhibits all 
the ATPase and actin-combining ability of the original 
myosin molecule (Lowey and Cohen, 1962; Mueller, 19640. 
Limited treatment of purified myosin with papain results 
in specific cleavage at the junction of the globular and 
rod portions of the molecule to form two proteolytic frag­
ments that are both different from the proteolytic frag­
ments produced by tryptic digestion. Hence, papain di­
gestion has also been used extensively to study structure 
nf the myosin molecule (Lowey et ale, 1969)• Use of papain 
and tryptic digestion to elucidate the detailed structure 
of the myosin molecule is one of the classical examples of 
use of proteolytic enzymes as probes of molecular structure 
of proteins; but these studies are beyond the scope of this 
review and, therefore, will not be discussed further. The 
studies reviewed in the preceding sentences, however, 
demonstrate the extreme sensitivity of the myosin molecule 
to proteolytic attack by general proteases such as trypsin 
and papain. This susceptibility to proteases seems to be a 
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general trait of the myosin molecule. 
Actin is the second most abundant myofibrillar protein 
and makes up approximately 20-23% of total myofibrillar 
protein by weight. Several reports have shown that actin 
is located only in.the thin filaments of the myofibril 
(Hanson and Huxley, 1953? 1955)* Actin can exist either in 
the unaggregated or G-actin form or in the aggregated, 
filamentous F-actin form which is its predominant form in 
living muscle (Huxley and Hanson, 195^ )• In the G-form, 
actin is a nearly spherical molecule having a molecular 
weight of ^ 1,785 daltons (Elzinga et al., 1973) and con­
taining a bound, divalent cation (Ca^ "'" or Mg^ "^ ) and a bound 
nucleotide (ATP). Aggregation of monomeric G-actin to F-
actin is induced vitro by addition of neutral salt to a 
final concentration of 100 mM or addition of divalent ca-
O e O I 
tions, such as Mg or Ca , to a final concentration of 
2 to 3 mM and is accompanied by hydrolysis of the bound ATP 
on G-actin to ADP (Laki et al., 1950; Straub and Feuer, 
1950). The ADP formed during aggregation remains bound to 
the F-actin, but the inorganic phosphate formed by the 
cleavage is released to the medium (lELbrecht et al.. 1960). 
Several workers (Barany et al., 1962; Kasaiand Oosawa, 1968; 
Martonosi et al., I960; Moos and Eisenberg, 1970; Strohman, 
1959; Strohman and Samorodin, 1962) have shown that, al­
though the bound nucleotide and cation of G-actin are freely 
2k 
exchangeable with nucleotide and cations in the surround­
ing medium, the nucleotide and cation of G-actin monomers 
aggregated to form F-actin filaments are not freely ex­
changeable with nucleotide or cation of the medium. This 
change in availability of the bound nucleotide and cation 
upon aggregation indicates that the conformation of G-actin 
monomers in the F-actin strand is not the same as when the 
monomers are unaggregated. 
In skeletal muscle ^  vivo, actin is found almost en­
tirely in the F-actin form and is located in the thin fila­
ment (Huxley and Hanson, 195^ )» F-actin filaments consist 
of two strands of G-actin monomers wound around one another 
to form a helical strand. X-ray diffraction studies 
(O'Brien et al., 1971) and electron microscope observations 
(Moore et al., 1970) have shown that the distance between 
cross-over points in this double-stranded F-actin helix is 
360 2. Electron microscopy has shown that "synthetic" thin 
filaments formed in vitro by aggregation of G-actin in the 
p » 
presence of 100 mM neutral salt or 2 to 3 Mg are 
structurally very similar to "natural" thin filaments ob­
served in skeletal muscle. It should be pointed out that, 
although the length of F-actin filaments in mammalian skel­
etal muscle is 1.0 jim, the length of F-actin filaments formed 
by aggregating G-actin preparations in vitro varies from 0.2 
to over 8 [im (Kawamura and Maruyama, 1970). The biological 
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mechanism by which length of the thin filament is fixed at 
1 jxm is at present unclear, although some investigators 
feel that a recently discovered protein called p-actinin, 
may be involved (Kawamura and Maruyama, 1970, 1972j 
Maruyama, 1966). 
In addition to actin, the thin filament of mammalian 
skeletal muscle contains significant amounts of two other 
proteins called tropomyosin and troponin (Ebashi et al., 
1969)• Tropomyosin and troponin belong to the class of 
myofibrillar proteins that are called regulatory proteins 
because proteins in this class are not involved directly 
in producing contractile motion but instead modify or regu­
late the actin-myosin interaction that does produce con­
traction. Tropomyosin and troponin are both necessary to 
Oa» 
confer Ca sensitivity onto the actin-myosin interaction. 
The tropomyosin moleeule has a molecular weight of approx­
imately 70,000 daltons and dissociates in denaturing sol­
vents and the presence of reducing agents into two subunits 
of approximately 35,000 daltons each (Holtzer et al., 1965; 
McCubbin et al., 1967; dander et al., 1967; Weber and 
Osborn, 1969; Woods, 1969)» Although these two polypeptide 
subunits of tropomyosin are very similar, they differ 
slightly in mass and can be separated by polyacrylamide disc 
gel electrophoresis in sodium dodecyl sulfate or in urea 
(Cummins and Perry, 197^ ; Sender, 1971; Weber and Osborn, 
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1969). The tropomyosin molecule is greater than ^ 0% 
helical (Cohen and Holmes, 1963) and is approximately 4lO 
2 long (Cohen et al., 1971). It was originally suggested 
by Hanson and Lowy (1963) that tropomyosin may be located 
in the two long-pitch grooves of the P-actiti double helix. 
Recently, this hypothesis has been confirmed by X-ray dif­
fraction data from living muscle and by three-dimensional 
reconstructions from electron micrographs of troponin- and 
tropomyosin-eontaining actin paracrystals (Hanson et al., 
1972; Haselgrove, 1972; Huxley, 1972). These X-ray dif­
fraction and three-dimensional reconstruction data suggest 
that, in relaxed muscle, tropomyosin molecules are dis­
placed out of the groove of the F-actin helix to sterically 
block the combination of myosin heads with actin. When 
Q J. 
troponin binds Ca , however, the tropomyosin moves into 
the groove in the F-actin helix and no longer blocks the 
interaction of actin with myosin. The actin-myosin inter­
action then occurs and contraction ensues. In vitro studies 
have shown that tropomyosin affects ATPase activity of acto-
myosin in at least three ways s 1) tropomyosin, in combina­
tion with the entire troponin complex^  is generally con­
sidered essential for inhibition of the Mg^ "*"-stimulated 
2+ 
ATPase of desensitized actomyosin in the absence of Oa ; 
2) tropomyosin greatly enhances the inhibitory activity of 
the inhibitory protein component of the troponin complex on 
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the stimulated, ATPase activity of desensitized acto­
myosin (Wilkinson et al., 1972); and 3) tropomyosin alone 
inhibits the Ca^ """-stimula ted ATPase of desensitized acto­
myosin (Schaub et al., 1967). These effects of tropomyosin 
on actomyosin ATPase have been used to assay the effect of 
proteolytic enzymes on tropomyosin. Brief treatment of 
tropomyosin with trypsin (Schaub and Perry, 1969) or papain 
(Cummins and Perry, 1973) decreases or eliminates the activ­
ity of tropomyosin in effects 1 and 2 listed earlier in this 
paragraph. Tropomyosin thus appears susceptible to pro­
teolytic attack. 
The third protein found associated with the thin fila­
ment is troponin. Troponin is spaced periodically at 38.5 
nm intervals along the thin filament (Ebashi et al., 1969) 
and, together with tropomyosin, is required to confer Ca 
sensitivity on the aetin-myosin interaction^  The troponin 
molecule has three subunits: troponin-T (37,000 daltons); 
troponin-I (24,000 daltons), and troponin-C (20,000 daltons) 
(Greaser and Gergely, 1971; Greaser et al., 1972), and these 
three subunits each have a specific function. Troponin-T 
binds to tropomyosin, troponin-I inhibits actomyosin ATPase 
g , 
activity, and troponin-C binds Ca (Greaser et al., 1972). 
Both troponin-T and troponin-I have been shown to be ex­
tremely susceptible to proteolytic enzymes and are degraded 
by endogenous muscle proteases during preparation unless 
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special precautions are observed. Isoelectric precipita­
tion of tropomyosin at pH 4. is a necessary step in sep­
aration of the tropomyosin-troponin complex and Drabikowski 
et al. (1971) have shown that during this isoelectric pre­
cipitation, troponin-T and troponin-I may be proteolytically 
degraded to products having molecular weights of 10,000-
13,000 daltons on SDS-polyacrylamide disc gel electro­
phoresis. Drabikowski and coworkers (1971) suggest that 
this proteolysis is due to cathepsins which contaminate 
the tropomyosin-troponin preparations. Endogenous pro­
teolysis of troponin can also occur at neutral pH and re­
sults in cleavage of troponin-T to a 30,000-dalton fragment 
(Drabikowski et al., 1972). A 30,000-dalton fragment can 
also be formed from troponin-T by extremely mild trypsin 
treatment (Drabikowski et al., 1972). Degradation of 
troponin-T and tropcnin=I by endogenous proteases during 
preparation of purified troponin indicates that these two 
subunits of troponin are extremely susceptible to pro­
teolysis. 
A fifth protein component of the myofibril, called cc-
actinin, was discovered by Ebashi and coworkers in 1964 
(Ebashi and Ebashi, 1965). a-Actininhas been shown to ac­
celerate rate of turbidity development (Ebashi and Ebashi, 
1965; Robson et al., 1970; Seraydarian et al., 1967) and to 
P+ increase the specific activity of the Mg -modified ATPase 
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of actomyosin suspensions (Maruyama, 1966; Robson et al., 
19705 Seraydarian et al., 1967). Because these two assays 
are widely accepted as in vitro models of muscle contrac­
tion, it is possible that a-actinin strengthens or ac­
celerates the rate of the actin-myosin interaction and 
thereby accelerates rate of muscle contraction. The dis­
covery by Temple and Goll (1970) that the ability of a-
2+ 
actinin to increase rate of turbidity development and Mg -
modified ATPase activities of reconstituted actomyosin is 
specific for the nucleotide triphosphate and cations that 
support tension development of glycerinated muscle strips 
supports this theory. Shortly after the discovery of a-
actinin, however, several workers showed by indirect methods 
that a-actinin is located in the Z-disk of skeletal muscle 
(Goll et al., 1967; Masaki et al., 1967; Robson et al-, 
19705 Stromer et al., 1967, 1969). These early studies 
were confirmed by direct procedures, when Schollmeyer et 
al. (1973) made antibodies against highly purified a-actinin 
(Robson et al., 1970) and showed both at the light and 
electron microscope levels of resolution, that these anti­
bodies bound only to the Z-disk in skeletal muscle myo­
fibrils. Because the Z-disk ostensibly has the role of 
binding individual sarcomeres in series to form myofibrils, 
it was therefore proposed that a-actinin has a structural 
role of binding actin filaments from separate sarcomeres 
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together. Consequently, the physiological role of a-actinin 
in muscle tissue is unclear at the present time. 
Although the function of a-actinin is unknown, physical 
properties of the a-actinin molecule have been extensively 
studied. Sedimentation equilibrium studies show that a-
actinin has a molecular weight between 200,000 and 220,000 
daltons (Goll et al., 1971), and sedimentation velocity data 
yields a sedimentation coefficient of 6.218 for purified a-
actinin (Goll et al., 1971). Other studies involving use 
of denaturing solvents (Goll et al., 1971) have shown that 
the a-actinin molecule contains two subunits that are very 
similar in mass and have molecular weights between 90,000 
and 100,000 daltons. 
Shortly after the discovery of a-actinin several workers 
attempted to study the interaction of a-actinin with other 
myofibrillar proteins (Briskey et al., 1967; Drabikowski et 
al., 19685 Ebashi et al., 1964; Maruyama and Bbashi, 1965; 
Seraydarian et al., 1967), but these studies were severely 
hampered by the extreme heterogeneity of the a-actinin prep­
arations available at the time. The availability of highly 
purified a-actinin (Arakam et al., 1970b; Robson et al,, 
1970) made it possible for Holmes et al. (1971) to reexamine 
the interaction of a-actinin with other myofibrillar proteins 
without the complications that impure a-actinin preparations 
had caused other workers. Holmes et al. (1971) showed that 
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purified a-actinin bound to F-actin but not to G-actin, 
myosin, tropomyosin, or the tropomyosin-troponin complex. 
Studies on the effect of temperature on the binding of a-
actinin to F-actin revealed a distinct difference in 
stoichiometry of the a-actinin-F-actin interaction at 0°C 
(Robson et al., 1970) and 37°C (Goll et al., 1972). At 
0°C, F-actin bound all added a-actinin up to O.H-l parts of 
a-actinin to one part F-actin by weight (Robson et al., 
1970)5 whereas at 37°C, the ability of F-actin to bind a-
actinin was greatly decreased (Goll et al., 1972); and some 
a-actinin was not bound at a-actinin to F-actin ratios as 
low as 0.05^  to 1.0 by weight. These same workers also ob­
served that, at 37°C; a-actinin could not displace tropo­
myosin from the thin filament; idiereas at 0°C, a-actinin dis­
lodged tropomyosin from the thin filament and bound to F-
actin regardless of the presence of tropomyosin (Holmes et 
al., 1971). Goll et al. (1972) determined that, in the 
presence of tropomyosin, F-actin did not bind all added a-
actinin at a-actinin to F-actin ratios above 0.01 to O.O3 
parts a-actinin to 1.0 part F-actin by weight. This ratio 
corresponds to approximately one a-actinin molecule on one 
end of each of the two strands in the double stranded F-
actin filament (Goll et al., 1972). Electron microscope 
observations by Stromer and coworkers (Stromer and Goll, 
1972) support the suggestion that, at 37°C, binding of 
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a-actinin along the thin filament is very limited and that, 
at this temperature, the presence of tropomyosin limits 
binding of a-actinin solely to the Z-disk end of the F-
actin strand. These findings may have some physiological 
significance because, as mentioned previously, a-actinin 
seems to be localized exclusively in the Z-disk of myo­
fibrils in mammalian skeletal muscle. 
Starr and Offer (1971) recently reported the discovery 
of a sixth myofibrillar protein, vdiich they refer to as C-
protein. This protein contains a single polypeptide chain 
of molecular weight 135,000 daltons as determined by SDS-
polyacrylamide gel electrophoresis and has no measurable 
a-helical structure (Starr and Offer, 1971). C-protein 
binds to myosin at an ionic strength of 0.1 (Moos et al., 
1972) and is a frequent contaminant in myosin preparations 
made by reprecipitation. Antibody studies (Offer, 1972) 
have shown that C-protein antibodies bind to myofibrils to 
form 18 stripes in the A band. The stripes are located 
periodically, nine on each side of the H-zone, with a dis­
tance of approximately ^ 3 nm between adjacent stripes 
(Offer, 1972). Although the function of C-protein is at 
present unknown, two possible roles have been suggested 
(Offer, 1972): 1) C-protein might form bridges between 
neighboring thick filaments so that neither rotation nor 
slippage between adjacent filaments can occur 5 2) C-protein 
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might act as a clamp to prevent disruption of the thick 
filament by the tension developed by the actin-myosin 
interaction. 
Several papers describing the isolation of proteins 
constituting the M-line in skeletal muscle myofibrils have 
appeared during the last eight or nine years (Eaton and 
Pepe, 1972; Landon and Oriol, 1975") Masaki and Takaiti, 
197^ -; Masaki et al., 1968; Morimoto and Harrington, 1972). 
Despite the interest in properties of the proteins making 
up the M-line, none of the studies purporting to describe 
isolation of an M-line protein have conclusively demon­
strated that the isolated protein is homogeneous and 
actually originates from the M-line. Several reports 
indicated that the M-line contained proteins with subunit 
molecular weights of 100,000 daltons (Eaton and Pepe, 1972; 
Masaki and Takaiti, 1974) or ^ 2,000 daltons (Eaton and Pepe, 
1972; Morimoto and Harrington, 1972), but these proteins 
have now been shown to be phosphorylase (Trinick, 197^ ) and 
creatine kinase (Turner et al., 1973), respectively. There 
is no firm evidence to suggest that either phosphorylase or 
creatine kinase actually constitutes the M-line. Other 
studies (Landon and Oriol, 1975; Masaki and Takaiti, 19740 
have indicated that the M-line contains a protein with a 
subunit molecular weight of 160,000 daltons, but additional 
evidence is needed to conclusively establish this protein as 
3^ 
a component of the M-line. 
2. Z-dlsk structure 
The Z-disk in mammalian skeletal muscle myofibrils is 
found at both ends of the sarcomere and serves as an anchor 
for the thin filaments. Consequently, the Z-disk binds in­
dividual sarcomeres in series to form a linear myofibril 
that extends from one end of the muscle cell to the other 
and that is responsible for transmitting tension developed 
between the actin and myosin filaments of individual 
sarcomeres to the ends of the muscle cell. Many workers 
have attempted by careful ultrastructural studies to 
elucidate the structure of the Z-disk (Franzini-Armstrong, 
1973; Franzini-Armstrong and Porter, 196^ ; Katchburian et 
al., 1973; Kelly, 1967; Kelly and Cahill, 1972; Knappeis 
and Carlsen, 1962; Landon, 1970a, 1970b; Reedy, 196^ ; 
Saide and Ullrick, 1973), but none of the models emerging 
from these studies can completely account for the observed 
properties of this structure. Although there is much dis­
crepancy regarding Z=disk structure, all models agree that 
the thin filaments form a square lattice as they approach 
the Z-disk (Franzini-Armstrong, 1973). Each actin filament 
on one side of the Z-disk is located at exactly the center 
of the square lattice formed by four actin filaments on 
the opposite side of the Z-disk (Franzini-Armstrong, 1973). 
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Therefore, the square lattice formed by actin filaments on 
one side of the Z-disk is out of phase both vertically and 
horizontally with the square lattice on the other side of 
the Z-disk by a distance equal to one half the length of 
one side of the square lattice. 
Although no model of Z-disk structure adequately ex­
plains the observed arrangement of thin filaments entering 
the Z-disk and the lattice structures observed in cross-
sections through the Z-disk (Franzini-Armstrong, 1973» 
Katchburian et al., 1973), the model proposed many years 
ago by Knappeis and Carlsen (1962) may provide the best 
working approach to Z-disk architecture. Knappeis and 
Carlsen (1962) propose that upon entering the Z-disk a 
thin filament separates into four smaller Z-filaments that 
pass diagonally through the Z-disk. Ultimately, each of 
the four Z-filaments originating from a single thin fila­
ment on one side of the Z-disk joins with three other Z-
filaments to form the four thin filaments located at the 
corners of the square lattice facing the original thin fil­
ament on the opposite side of the Z-disk. In addition to 
Z-filaments, Z-disks contain an amorphous or matrix com­
ponent (Kelly and Cahill, 1972) that surrounds the Z-fila­
ments and that, in some instances, may completely obscure 
them. 
Although Z-disk ultrastructure has been studied 
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extensively, very little is presently known about the chem­
ical composition of the Z-disk. In 19^ 8, Corsi and Perry 
observed that low ionic strength solvents extracted 
amorphous material from Z-disks. Although Samosudova 
(1966) subsequently confirmed Corsi and Perry's (195)8) ob­
servations on low-ionic strength extraction of the amorphous 
material from Z-disks, it was not until the late I960's that 
Stromer and coworkers (Stromer et al., 1967, 1969) co­
ordinated a careful ultrastructural study of low ionic 
strength extraction of Z-disks with a biochemical investi­
gation of the low ionic strength extracts. Stromer et al. 
(1967, 1969) observed that extraction of glycerinated mus­
cle fibrils for 10 days at 0°C with 2 mM Tris, pH 7.6, 1 
mM DTT resulted in removal of both M-lines and the dense 
material from Z-disks. A fraction salting out of the low 
ionic strength extracts between 0 and ammonium sulfate 
saturation could, when reincubated with extracted fibrils 
under the proper conditions, reconstitute the amorphous 
component of Z-disks. Micrographs of low ioniû strength-
extracted myofibrils that had no amorphous material showed 
that filaments still existed in the area previously occupied 
by the Z-disk, Although Stromer and coworkers (Stromer et 
al., 1967, 1969) did not comment on the presence of these 
filaments, it seems possible that these remaining filaments 
represent Z-filaments whose presence is necessary for binding 
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of protein during reconstitution of the amorphous component 
of the Z-disk. Before these studies of Stromer and co­
workers (Stromer et al., 1967, 1969), several reports had 
appeared indicating that cross-sections through tropomyosin 
crystals appeared ultrastructurally very similar to cross-
sections through the Z-disk (Huxley, 1963) and that anti­
bodies made against purified tropomyosin bound to the Z-disk 
(Endo et al., 1966). These studies had led to widespread 
belief that the Z-disk was composed of tropomyosin. That 
low ionic strength extracts capable of reconstituting the 
amorphous Z-disk material in extracted myofibrils contained 
no tropomyosin (Stromer et al., 1969)> however, indicated 
that the amorphous Z-disk material was not tropomyosin. Be­
cause a-actinin salts out of low ionic strength extracts of 
myofibrils between 0 and 30^  ammonium sulfate saturation 
(Afâkâwa et al., 1970b); much as the fraction used by Stromer 
and coworkers (Stromer et al., 1967, 1969) to reconstitute 
Z-dlsks had, and because a-actinin is located in the Z-disk, 
it was suspected that the protein responsible for reconsti­
tuting the amorphous material in Z-disks was a-actinin. 
Stromer et al. (1967, 1969), however, were unable to obtain 
reconstitution of extracted Z-disks by using the very impure 
a-actinin preparations available at that time. It is pos­
sible that impurity of these early a-actinin preparations 
thwarted the efforts of Stromer and coworkers, because 
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antibody studies at the electron microscope level (Scholl-
meyer et al., 1973, 1974) subsequently showed that the 
dense, amorphous material of the Z-disk is composed at 
least partly of a-actinin. a-Actinin, however, may not 
be the sole component constituting this amorphous material. 
Although these studies provide some information on composi­
tion of the amorphous component of Z-disks, they left com­
position of the Z-filaments unknown. 
The Z-disk of striated muscle is extremely susceptible 
to proteolytic attack. Several proteolytic enzymes, in­
cluding trypsin (Ashley et al., 1951> Endo et al., 1966; 
Goll et al., 1969; Stromer et al., 1967), papain (Chaudhry, 
1969), chymotrypsin (Stromer and Goll^ ), pepsin (Kelly and 
Cahill, 1972), and pronase (Kelly and Cahill, 1972) rapidly 
remove Z-disks from myofibrils. Although these enzymes 
eventually degrade the entire myofibril, the mild treatment 
and short times required to remove Z-disks cause no other 
observable ultrastructural damage to the myofibril. Both 
a-actinin and F-actin are relatively insensitive to 
proteolytic degradation, and it seemed unlikely that either 
of these two proteins could be hydrolyzed rapidly enough to 
account for the rapid removal of Z-disks by proteolytic 
enzymes. Thus, because tropomyosin, like the Z-disk, is rapidly 
degraded by a wide variety of different proteases, the 
S^tromer, M. H. and D. E. Goll. Iowa State University, 
Ames, Iowa. Personal communication. 197?. 
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possibility that tropomyosin was a component of the Z-disk 
continued to be attractive and the presence of tropomyosin 
in the Z-disk became a controversial issue. On the one 
hand, it was reported that tropomyosin antibodies did not 
bind to Z-disks (Pepe, 1966), that X-ray diffraction and 
electron microscope studies showed conclusively that sym­
metry of the crystalline structure of tropomyosin is com­
pletely incompatible with symmetry of the lattice found in 
the Z-disk (Caspar et al., 1969), and that solutions demon­
strated to be tropomyosin-free could reconstitute at least 
the amorphous material in Z-disks that had been removed by 
low ionic strength extraction (Stromer et al., 1967, 1969). 
On the other hand, however, it was reported that cross-
sections through tropomyosin crystals were ultrastructurally 
very similar to cross-sections through Z-disks (Huxley, 
1963), that abnormal Z-disks were also ultrastructurally 
very similar to tropomyosin crystals (Fawcett, 1968), that 
all Z-disk extraction procedures also extract tropomyosin 
from myofibrils (Rash et al., 1968), and that Z-disks and 
tropomyosin were both very quickly destroyed by trypsin 
(Stromer et al., 1967). Recently Schollmeyer et al. 
(1974) examined the binding of antibodies that were made 
against highly purified tropomyosin and that did not cross-
react with purified a-actinin to myofibrils at the electron 
microscope level by using the horseradish peroxidase tech­
nique. The results of these studies (Schollmeyer et al.. 
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1974 ) indicate that tropomyosin is a component of the Z-
disk and also provide an elegant explanation for many of 
the conflicting findings summarized earlier in this para­
graph. Schollmeyer et al. (1974) found that, in Rana 
pipiens tadpole myofibrils whose Z-disks contain little 
dense material, tropomyosin antibodies bind to the Z-disk. 
As the tadpole matures, the amount of dense material in the 
Z-disk increases. In muscle from mature frogs, the lattice 
structure of the Z-disk is obscured and very little tropo­
myosin antibody binds to the Z-disk. Schollmeyer et al. 
(1974) theorize that previous workers failed to observe 
binding of tropomyosin antibodies to Z-disks because the 
dense, amorphous component, which is at least partly com­
posed of a-actinin, covers the tropomyosin in the Z-disk 
and prohibits binding of tropomyosin antibodies. Conse­
quently, it seems very probable that Z-disks contain both 
a-actinin and tropomyosin. It is not known, however, 
whether any other proteins are also present in the Z-disk 
and the molecular arrangement of the Z-disk proteins is 
completely unclear. 
D. Myofibrillar Protein Turnover 
For purposes of clarity the review of myofibrillar 
protein degradation will be divided into three sections: 
1) half-lives of myofibrillar proteins; 2) ultrastructural 
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aspects of myofibrillar protein degradation; and 3) agents 
responsible for myofibrillar protein degradation. Although 
very little is known about the mechanism of myofibrillar 
protein degradation as a whole, some information is avail­
able concerning these separate topics. 
1. Half-lives of myofibrillar proteins 
Several studies have unequivocally established that 
myofibrillar proteins turn over vivo (Desmond and 
Hararyj 1972; Dreyfus et al., I960; Funabiki and Cassens, 
1972; Koizumi, 1974; Low and Goldberg, 1973; Martonosi and 
Halpin, 1972; McManus and Mueller, 1966; Rabinowitz, 1973; 
Schapira et al., 1962; Swick and Song, 1974; Velick, 1956; 
Wikman-Coffelt et al., 1973; Zak et al,, 1971) but con­
siderable disagreement exists as to the relative half-lives 
of individual myofibrillar proteins. Most studies attempt­
ing to measure relative half=lives of the different myo­
fibrillar proteins have used somewhat different procedures 
to estimate turnover rates. Because estimation of protein 
half-lives depends critically on the procedure used to de­
termine the half-life 5 these individual studies will be 
described separately and the methods used to determine 
half-lives will be discussed for each of them. 
Studies of protein half-lives are complicated by the 
need to fulfill two crucial requirements: 1) the extraction 
^2 
procedures used to prepare myofibrillar proteins must yield 
pure proteins; and 2) relative rates of incorporation of 
labeled amino acids must accurately reflect rates of protein 
synthesis and degradation (Low and Goldberg, 1973). Be­
cause of the problems encountered with amino acid reutiliza-
tion, the second criterion is usually difficult to fulfill; 
and, to the extent to which it is not met, half-lives de­
termined for individual proteins will be too long. There­
fore, half-lives obtained for myofibrillar proteins in the 
studies reported in this review are, at best, estimates 
and should not be considered unequivocal. 
Zak et al. (1971) used the double-labeling approach 
previously employed in studies of protein degradation in 
liver to examine turnover of myofibrillar proteins in 
cardiac muscle. In these studies a mixture of the and 
labeled forms of a single amino aeid vTSls administered con­
tinuously in the diet of test animals for several days. 
ik . 
Administration of the C labeled amino acid was then stopped 
but administration of the % labeled amino acid was con­
tinued for some time. The relative turnover rate of myo-
S 1 Ij. 
fibrillar proteins was estimated by examining the ^ E/ G 
ratios of individual myofibrillar proteins isolated from 
the same animal. Proteins turning over at the same rate 
would have identical %/^ C^ ratios; whereas proteins turning 
over at different rates would have different %/^ C^ ratios, 
^3 
with the proteins turning over most rapidly having the 
highest ratio. Zak et al. (1971) used this approach to 
measure relative half-lives of myosin, actin, tropomyosin 
and troponin and concluded that these four myofibrillar pro­
teins of cardiac muscle had identical half-lives. Conse­
quently, Zak et al. (1971) concluded that the myofibril is 
degraded as a unit in cardiac muscle ^  vivo. 
In a more recent study, Funabiki and Cassens (1972, 
1973) also used the continuous double isotope technique to 
study relative turnover rate of myofibrillar proteins from 
rabbit skeletal muscle. In contrast to Zak et al. (1971), 
Funabiki and Cassens (1972, 1973) found that the myo­
fibrillar proteins turned over at different relative rates 
with troponin>a-actinin>tropomyosin>actin = myosin. It is 
interesting to note that the proteins making up the thin 
filaments turned over at different rates. This suggests 
that the thin filament is not degraded as a unit. It was 
not clear in Funabiki and Cassens' studies, however, that 
each of the five myofibrillar proteins that they studied 
was completely purified before their specific radioactivity 
was determined. 
The relative turnover rates of the same five myofi­
brillar proteins studied by Funabiki and Cassens have also 
been examined by measuring rate of incorporation of the 
radioactive amino acids glycine, leucine, valine, lysine. 
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and alanine into each protein (Koizumi, 1974). Using this 
method, the relative turnover rates for the myofibrillar 
proteins were troponin>tropomyosin>a-actinin>myosin = 
actin. Although these findings are not in complete accord 
with those of Funabiki and Cassens (1972, 1973), they do 
agree that these five myofibrillar proteins turnover 
asynchronously, and they are in reasonable agreement as to 
the relative rates of turnover. 
Low and Goldberg (1973) determined the relative rates 
of myofibrillar protein turnover in the rat diaphragm by 
maintaining samples of diaphragm muscle in vitro and meas­
uring relative rates of incorporation of labeled leucine 
and lysine into actin, tropomyosin, and the heavy and light 
chains of myosin. The results of this study indicated that 
these four different classes of polypeptide chains were 
synthesiz-ed at nonuniform rates and because the amounts of 
each of these four polypeptide chains did not change rel­
ative to each other, those polypeptides being synthesized 
most rapidly must also be degraded most rapidly. The rel­
ative turnover rates determined in this study were tropo-
myosin >myosin light chains >ac tin Myosin heavy chains. Sim­
ilar results were obtained in diaphragm muscles from non-
growing (hypophysectomized) rats so the asynchronous rate 
of turnover was not due to asynchronous control of degra­
dation during muscle growth (Low and Goldberg, 1973). 
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It currently seems that the preponderance of evidence 
favors nonuniform turnover of myofibrillar proteins. That 
the myofibrillar proteins are all located in a single 
organelle, the myofibril, need not predispose them to turn 
over synchronously because proteins in other complex 
organelles such as plasma membranes (Dehlinger and Schimke, 
1972; Gurd and Evans, 1973), endoplasmic reticulum (Arias 
et al., 1969; Dehlinger and Schimke, 1972), ribosomes (Dice 
and Schimke, 1972), mitochondria (Druyan et al., 1968; 
Swick et al., 1968) and chromosomes (Dice and Schimke, 
1973) have been shown to turn over asynchronously relative 
to one another. With the exception of the studies of Zak 
et al. (1971); there is general agreement that tropomyosin 
and troponin turn over more rapidly than actin and myosin. 
Some discrepancies concerning the magnitude of the half-
lives of the myofibrillar proteins remain, hovever; and 
more work will be necessary to unequivocally determine the 
relative rate of myofibrillar protein turnover. 
2. Ultrastructural aspects of myofibrillar protein degra­
dation 
It is essential when studying myofibrillar- protein 
degradation in striated muscle to be congnizant of the com­
plex macromolecular structure of the myofibril and the 
unique problems that this highly ordered structure presents 
k6 
in physiological degradation of the proteins constituting 
it. Myofibrils consist of a linear array of sarcomeres 
linked in series, and a single myofibril extends unbroken 
through the entire length of the muscle cell (Huxley, 1972). 
As discussed previously in this review, intact myofibrils 
are necessary to transfer shortening of an individual 
sarcomere to the ends of the muscle cell and produce 
shortening of the intact cell. Degradation of a single 
sarcomere in the chain of several hundred to a thousand or 
more sarcomeres constituting a myofibril would disable that 
entire myofibril. Consequently, it would seem considerably 
more efficient physiologically for a muscle cell to degrade 
myofibrillar proteins by using a mechanism in which myo­
fibrillar proteins could be degraded without destroying a 
complete sarcomere and thereby disabling an entire myofibril 
than by using a mechanism in which single sarcomeres arc 
completely destroyed one at a time to produce metal C.ie 
turnover of myofibrillar proteins- However, no completely 
satisfactory mechanism for degradation of myofibrillar pro­
teins has yet been proposed that recognizes this difficulty. 
Because myofibrillar protein degradation occurs at a 
relatively slow rate compared to degradation of many other 
intracellular proteins, no ultrastructurally recognizable 
effects of myofibrillar protein degradation have been ob­
served in normal muscle tissue. It has therefore been 
^7 
necessary for researchers to artificially induce rapid muscle 
atrophy to observe the effects of myofibrillar protein degra­
dation on ultrastructure of the myofibril. Although this 
technique has been very useful in studying myofibrillar 
protein turnover, it should be pointed out that the rate of 
myofibrillar protein degradation in rapidly antrophying 
muscle is much greater than that observed in normal muscle 
and the two situations may not be entirely analogous. 
Rapid atrophy.of striated muscle is evidently ac­
companied by two distinct ultrastructural modifications 
of the myofibril (Pellegrino and Franzini, 1963)* The 
first of these alterations seems to center around the Z-
disk and occurs during a phase that Pellegrino and Franzini 
(1963) refer to as the autolytic phase. During this phase, 
large gaps appear in the myofibrillar array suggesting that 
extensive degradation of myofibrillar structure is occurring 
(Pellegrino and Franzini, 1963). Pellegrino and Franzini 
(1963) theorize that Z-disks are degraded during this phase 
and that removal of Z-disks results in dispersion of the 
thin and thick filaments leaving large gaps in the myo­
fibrillar array. Several other careful ultra-structural 
studies have also shown that the Z-disk undergoes rapid and 
marked changes in atrophying muscle (Engel, 1968). These 
changes in Z-disk structure include hypertrophy (Resnick 
et al., 1968; Santa, 1969; Shafiq et al., 1969), streaming 
(Engel and Stonnington, 197^; Gauthier and Dunn, 19735 
Santa, 1969; Stonnington and Engel, 1973), and disap­
pearance (Johnson, 1969j Pellegrino and Franzini, 1963, 
Price et al., 1962; Tomanek and Lund, 1973). 
Other ultrastructural studies of rapidly atrophying 
muscle have suggested that myofibrillar diameter gradually 
decreases during atrophy but that no missing sarcomeres 
occur (Bhakthan et al., 1970; Engel and Stonnington, 197^; 
Pellegrino and Franzini, 1963; Stonnington and Engel, 1973; 
Tomanek and Lund, 1973)° This observation has led some 
workers to suggest that myofibrillar proteins turnover by 
degradation of those proteins located on the surface of 
the myofibril to reduce the diameter of the myofibril with­
out severing it. This theory is supported by the report 
(Morkin, 1970) that, in normal growing muscle cells, newly 
synthesized myofibrillar proteins are deposited at the 
periphery of already existing myofibrils. The highly 
organized arrangement of myofibrillar proteins that forms 
the myofibril, however, exists throughout the myofibrillar 
structure, both at the periphery and in the center (Huxley, 
1972). The concept that degradation and deposition of myo­
fibrillar proteins occurs only on the surface of myofibrils 
implies that a small core of myofibrillar proteins existing 
near the center of the myofibril would exist permanently and 
would not be subject to metabolic turnover that other 
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proteins experience. This suggestion is contrary to the 
three physiological advantages that metabolic turnover of 
proteins imparts to an organism (see beginning of this re­
view). Consequently, the concept that myofibrillar protein 
degradation and deposition occurs exclusively at the 
periphery of myofibrils seems too limited. This limitation 
is mollified by Pellegrino and Franzini's (1963) suggestion 
that the decrease in myofibril diameter is occurring simul­
taneously with the autolytic phase previously described, 
because both Z-disk degradation and decrease in the diameter 
of myofibrils have been observed simultaneously in atrophying 
muscle. 
Whether either of the two ultrastructural changes ob­
served in atrophying muscle occur in normal muscle has not 
yet been established because no ultrastructural alterations 
related to myofibrillar protein degradation can be observed 
in normal tissue. The slow rate of myofibrillar protein 
turnover in normal muscle probably accounts for the failure 
to observe ultrastructural changes related to myofibrillar 
protein degradation in this tissue. It is also possible, 
however, that the extreme trauma associated with denerva­
tion atrophy activates degradation mechanisms which do not 
function in normal, growing muscle cells. At the present 
time rapidly atrophying muscle is the only system available 
for study of the ultrastructural changes that accompany 
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myofibrillar protein degradation, and no evidence exists 
to indicate that myofibrillar protein degradation in 
atrophying muscle cells occurs by a different mechanism 
than it does in normal muscle cells. Consequently, although 
the exact significance of Z-disk degradation in myofibrillar 
protein turnover is unclear, the increase in Z-disk disin­
tegration in atrophying muscle coupled with the sensitivity 
of Z-disks to general proteases in vitro strongly suggest 
that the Z-disk has an important role in proteolytic degra­
dation of myofibrillar structure during metabolic turnover 
of the myofibrillar proteins. 
3. Agents responsible for myofibrillar protein degradation 
The enzyme system or systems responsible for turnover 
of myofibrillar proteins is completely unknown at the present 
time. An obvious candidate for the intracellular proteolytic 
system causing myofibrillar protein degradation is the 
lysosomal system. Lysosomes are intracellular organelles 
that contain acid hydrolases and that are thought to be in­
volved in gross cellular autophagy (Schimke, 1970; Schimke 
and Doyle, 1970)= Because the lysosome possesses a very 
active and general protein degradation system that exhibits 
very little specificity, it is very difficult to envision 
how the lysosomal protein degradation system could be regu­
lated to produce the physiologically observed heterogeneity 
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in degradation rates for different proteins (Schimke, 1973). 
Considerable doubt existed for many years as to whether 
muscle cells contained lysosomes at all. Recent biochemi­
cal studies have demonstrated that lysosome-like particles 
can be isolated from skeletal muscle cells (Canonico and 
Bird, 1970; Stauber and Bird, 197^ ), although several ultra-
structural studies have established that the lysosomal 
structures seen in liver and kidney cells are not present 
in muscle (Canonico and Bird, 1970; Seiden, 1973; Stauber 
and Bird, 197^ ). It currently seems probable that lysosomes 
are part of the sarcotubular system in skeletal muscle cells 
(Seiden, 1973; Stauber and Bird, 197^ ). This explains the 
previous failures to observe conventional lysosome structures 
in skeletal muscle. Although muscle cells contain lysosomes, 
these cells contain significantly fewer lysosomes per unit 
of cell volume than liver or kidney cells do (Bird et al.. 
1969; Canonico and Bird, 1970; lodice et al., 1966, 1972). 
Muscle cells, however, seem to have the ability to rapidly 
form or accumulate additional lysosomes whenever rapid pro­
tein degradation is required because the number of lysosomes 
in muscle cells increases greatly during times of rapid pro­
tein degradation such as in muscular dystrophy (Desai et al., 
196"+; Kar and Pearson, 1972), denervation (Pellegrino and 
Franzini, 1963; Schiaffino and Hanzlikova, 1972) and insect 
metamorphosis (Bhakthan et al., 1970; Lockshin and Beaulaton, 
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1974a, 1974b). Because muscle lysosomes contain catheptic 
proteases (Canonico and Bird, 1970), it is not surprising 
that catheptic enzyme activity also increases during many 
of these same conditions. Thus, lodice and coworkers 
(lodice et al., 1966, 1972) and McLaughlin and coworkers 
(McLaughlin et al., 1974) found that catheptic enzyme activ­
ity increases greatly in muscular dystrophy. At the time 
these studies were done, very few intracellular proteases 
other than cathepsins had been isolated from skeletal muscle 
cells, and it was therefore natural to assume that lysosomal 
cathepsins were responsible for degradation of the myo­
fibrillar proteins. Careful ultrastructural studies, how­
ever, have failed to reveal either myofibrils, thick fila­
ments or thin filaments in lysosomal vacules of rapidly 
atrophying muscle (Lockshin and Beaulaton, 1974a, 1974b). 
These studies, therefore, indicate that lysosomes are not 
responsible for degradation of either intact myofibrils or 
thick or thin filaments» Indeed, it seems very unlikely 
that lysosomes could engulf entire myofibrils or thick or 
thin filaments. Consequently, these electron microscope 
studies show that myofibrillar proteins must be disas­
sembled from the myofibril before these proteins could 
possibly be degraded in lysosomes. Furthermore, several 
workers have reported that muscle cathepsins have no effect 
on intact myofibrils or thick or thin filaments in vitro 
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(Bodwell and Pearson, 1964; Friedman et al., 1969î 
Fukazawa and Yasui, 1967; Park and Pennington, 1967; 
Sharp, 1963). Because it is very unlikely that extra-
lysosomal pH in normal muscle cells ever decreases to the 
5.0 or less required for optimum catheptic activity, these 
results make it very unlikely that cathepsins are involved 
in the initial proteolytic breakdown of intact myofibrils. 
Although most studies of proteolytic enzymes in 
skeletal muscle cells have involved the cathepsins whose 
optimal pH for proteolytic activity is 5*0 or less, a few 
intracellular proteases active at neutral pH values have 
been isolated from muscle tissue. In 196^ , Meyer et al. 
(1964) demonstrated that the enzyme, phosphorylase kinase, 
Ô t 
could be activated by Ca in the presence of a second 
protein which was named kinase-activating-factor (KAF). 
Subsequently, it was found that phosphorylase kinase pre­
pared from heart muscle could be activated by preincubation 
with Ca^ "*" and that this effect also required a kinase-
activa ting-factor (Drummond and Duncan, 1966; Hammermeister 
et al., 1965). It was known that mild trypsin treatment 
activated phosphorylase kinase (Krebs et al., 1964), so the 
possibility that KAF was a calcium-requiring, proteolytic 
enzyme was explored. Initial attempts to demonstrate 
proteolytic activity in crude KAF preparations, however, 
were unsuccessful (Meyer et al., 1964). Huston and Krebs 
(1968) subsequently purified KAP from rabbit skeletal muscle 
to near homogeneity by using TEAE-cellulose chromatography, 
G^ -alumina absorption, and Sephedex G-200 chromatography. 
Their purification procedure yielded a preparation that 
was 60-80# pure as judged by densitometric analysis of 6# 
polyacrylamide gels of the purest fractions (Huston and 
Krebs, 1968). The availability of purified preparations 
2+ 
made it possible to show conclusively that KAP was a Ca -
activated, proteolytic enzyme and that its effect on 
phosphorylase kinase was due to proteolytic cleavage of the 
kinase molecule (Huston and Krebs, 1968). Because activa­
tion of phosphorylase kinase is a reversible reaction in 
vivo, it was concluded that proteolytic cleavage due to the 
Ca -mediated action of KAP was probably not the physio­
logical mechanism for activating the kinase enzyme (Huston 
and Krebs, 1968). However, no alternative physiological 
role was proposed for KAP. Although very few physical prop­
erties of the purified KAP molecule were measured in this 
study, the molecular weight of KAP was estimated to be be­
tween 100,000 and 110,000 daltons on the basis of elution 
volume from a calibrated gel filtration column, and it was 
2+ 
shown that the enzyme required approximately 1 mM Ca and 
reducing agents for maximum activity. 
In a more recent study, Kohn (1969) isolated and partly 
P4-purified a Ca -activated protease from rat skeletal muscle. 
5^ 
Kohn's enzyme was optimally active at neutral pH in the 
presence of 1 mM Ca^ "^  and 10 mM dithiothreitol and was irre­
versibly inhibited by ethylenediaminetetraacetate (Kohn, 
1969). The impurity of Kohn's preparations made it im­
possible to determine any physical parameters of his enzyme, 
but the numerous similarities between the enzymatic prop­
erties of KAF and Kohn's enzyme suggest that these two en­
zymes are identical. Kohn's enzyme could catalyze hydrolysis 
of intact myofibrils as indicated by release of ninhydrin-
positive material from myofibrils ^  vitro, but the crude 
preparation did not release ninhydrin-positive material 
from myosin, actin, denatured hemoglobin, casein, bovine 
Y-globulins, or human y'-globulins. Activity of Kohn's 
enzyme was 30^  higher in denervated muscles than in cor­
responding control muscles, and it seemed likely that the 
enzyme was involved in the atrophy that accompanies de­
nervation (Kohn, 1969)' Because it has no detectable effect 
on myosin or actin, Kohn (1969) proposed that the enzyme 
might be responsible for disaggregation of the proteins 
bound together to form the myofibrillar array. 
P+ 
Isolation of another Ga" -activated, proteolytic enayms 
similar to KAF and endogenous to skeletal muscle has been 
described recently by Busch et al. (1972). These workers 
noted that a 9 hr incubation of rabbit psoas strips in a 
saline solution containing 1 mM Ca^ "'' and 5 mM Mg^ "^  at 37°C 
?6 
and pH 7.1 resulted in complete Z-disk removal without 
causing any other ultrastructurally detectable damage to 
the myofibril. In contrast, Z-disks remained ultra­
structurally intact if psoas strips were incubated for 9 
hr under identical conditions but with 1 mM l,2-bis-(2-
dicarboxymethylaminoethoxy)-ethane (EGTA) substituted for 
g ,  
1 mM Ca . A protein fraction that caused Z-disk removal 
from myofibrils in the presence of Ca^  ^at pH 7.0 was iso­
lated from rabbit skeletal muscle by homogenizing minced 
muscle in 4 mM EDTA at pH 7.0 to 7.6 (Busch et al., 1972). 
The supernatant from this 4 mM EDTA extraction was sub­
jected to isoelectric precipitation between pH 6.1 and ^ .9 
and the protein precipitating in this pH range was solu-
bilized and was then fractionated between 0 and kO% am­
monium sulfate saturation. The protein fraction obtained 
g,  
by this procedure was called Ca -activated sarcoplasmic 
factor (CASF). Incubation of CASF with myofibrils in the 
g ,  
presence of Ca caused complete Z-disk removal without 
producing any other ultrastructurally detectable damage to 
the myofibril. Z-disk removal by CASF required Ca'^ '^  levels 
greater than 0.1 mM. Busch et al. (1972) suggested that 
activity of CASF vivo might be controlled either by the 
2+ 
very low levels of unbound Ca in normal skeletal muscle 
cells or by localization of CASF in membrane-bound particles 
such as lysosomes. 
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Studies done by Busch et al. (1972) were limited to 
investigating the effects of CASF on the ultrastructure of 
myofibrils. The effects of CASF on some of the biochemical 
properties of myofibrils have been described within the last 
year (Suzuki and Goll, 19740. A procedure was developed to 
quantitate the proteolytic activity of CASF on myofibrils 
(Suzuki and Goll, 1974). Use of this procedure showed that 
04' 
the optimum pH and Ca concentration for CASF proteolysis 
of myofibrils were 7.0 and 1 mM, respectively; and that 
proteolytic activity of CASF on myofibrils was completely 
2+ inhibited by EDTA in excess of any Ca present. It was 
also determined (Suzuki and Goll, 1974) that CASF treatment 
of myofibrils at CASF to myofibril ratios of 1:20 by weight 
for 30 minutes caused a 20-2^  ^increase in the Mg -modified 
ATPase of the myofibrils. Conversely, CASF treatment of 
myofibrils for 5ÔO minutes under the same conditions caused 
Ojl 
approximately a 20^  decrease in their Mg -modified ATPase 
activity at 46.7 and 66.7 mM KCl. It was hypothesized that 
?+ the increase in Mg -modified ATPase activity resulted from 
degradation of troponin by CASF, whereas the decrease in 
?+ 
Mg -modified ATPase activity may originate from CASF-
catalyzed destruction or release of a-actinin from myofibrils 
(Suzuki and Goll, 1974). 
Although a few properties of CASF and its effects on 
myofibrils are known, no attempt has been made to purify 
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P-L 
the Ca -activated protease or proteases present in this 
crude protein fraction. Consequently, it is not known 
2+ 
whether the CASF preparation contains more than one.Ca -
pJ-
activated protease or whether the Ca -activated removal of 
2+ 
Z-disks by CASF is due solely to a single Ca -activated 
protease or to the synergistic action of several different 
enzymes, some of which may not be proteolytic in nature. 
The goal of the research described in this thesis is to 
purify the Ca?*-activated proteolytic factor present in the 
CASF fraction, to characterize this enzyme both physically 
and catalytically, and to determine the effects of the pur­
ified enzyme on isolated, purified muscle proteins and 
myofibrils in vitro. 
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III. MTERIALS AND METHODS 
Except where specified, all sample preparations were 
performed at 0-4^ 0. All solutions used in this study were 
prepared with double-deionized, distilled water that had 
been redistilled in glass, and stored in polyethylene con­
tainers. All reagents were analytical reagent grade or 
better. 
Porcine semitendenosus, semimembranosous, and biceps 
femorous muscles obtained from pigs slaughtered at the 
Iowa State l&iiversity Meat Laboratory were pooled and were 
used for all protein preparations. The muscles were ex­
cised within 20 min postmortem and were transferred im­
mediately to a 2^ 0 preparation room where they were trimmed 
free of fat and connective tissue and were ground in a pre-
cooled meat grinder. The minced muscle was then used for 
various protein preparations. 
A. Protein Preparations 
Highly purified preparations of myosin, act-in, ct-
actinin, C-protein, tropomyosin and troponin were all 
necessary for this investigation. Myosin was routinely 
prepared by using the method of Seraydarian et al. (1967) 
and, in some instances, was further purified by chromatog= 
raphy on DEAE-cellulose according to the procedure of 
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Richards et al. (1967). Actin was prepared by using a 
slight modification of the method of Seraydarian et al. 
(1967). This modification involved polymerizing actin in 
0.5 M KCl (Spudich and Watt, 1971) instead of 0.1 M KCl 
to reduce tropomyosin and troponin contamination. All 
actin preparations made in this way contained a very small 
amount (approximately 1^  of total protein by weight) of a-
actinin contamination but contained no tropomyosin or 
troponin. C=protein v/as prepared using DEAE-cellulose 
chromatography of myosin as described by Offer et al. 
(1973). It was noticed during this study that myosin pre­
pared from porcine skeletal muscle did not bind as strongly 
to DEAE-cellulose columns as myosin prepared from rabbit 
skeletal muscle. In many instances, porcine skeletal myo­
sin passed straight through DEAE-cellulose columns when 
loaded in ^ 0 pyrophosphate, pH 7.5\ or in 1^ 0 mM potas­
sium phosphate, pH 7.5» This phenomenon made it very dif­
ficult to remove C-protein from porcine skeletal myosin, 
but no attempt was made to determine the reasons for the 
difference in behavior of porcine and rabbit skeletal mus­
cle myosins. a-Aetinin was extracted by using the pro­
cedure of Arakawa et al. (1970b) and was subsequently pur­
ified on two successive DEAE-cellulose columns (Goll et al., 
1972; Robson et al., 1970) followed by a hydroxyapatite 
column (Singh, 1974). Purified tropomyosin was prepared 
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according to the procedure of Arakavra et al. (1970a). 
Troponin was also extracted and was partially purified 
by using the procedure of Arakawa et al. (1970a). Troponin 
was then further purified by using DEAE-cellulose chroma­
tography (van Eerd and Kawasaki, 1973). Again, porcine 
skeletal troponin chromatogrammed differently than either 
rabbit skeletal or bovine skeletal troponin. At pH 7.5» 
porcine skeletal troponin eluted as two closely-spaced, 
sharp peaks at 1^ 5 niM KCl followed by a broad peak that 
began eluting at 170 mM KCl. The two sharp peaks contained 
troponin with considerable quantities of a 14^ 000-dalton 
component produced by proteolytic degradation of troponin-T 
or troponin-I (see Review of Literature), whereas the broad 
peak contained troponin with smaller quantities of the 
14^ 000-dalton material. Consequently, it was very diffi­
cult to remove the l^ ,000»dalton degradation product com­
pletely from porcine skeletal troponin even by using DEAE-
cellulose chromatography. Both rabbit and bovine skeletal 
troponin, however, chromatogrammed as described by van Eerd 
and Kawasaki (1973) with sharp peak of purified troponin, 
having no 14,000-dalton degradation material, eluting at 
220 mM KCl. Again the reasons for these differences be­
tween porcine skeletal and rabbit and bovine skeletal 
troponins were not investigated. Myofibrils were routinely 
prepared according to the method of Goll et al. (1974), 
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One of the major alms of this investigation was puri-
2+ fication of the factor responsible for the Ca -activated 
Z-disk-removing ability of the crude CASF fraction described 
by Busch et al. (1972). Because the CASF preparation used 
by Busch et al. (1972) was very heterogeneous and contained 
many different proteins, it was impossible to determine how 
many enzymes were involved in the Z-disk-removing ability 
of this fraction and whether all these enzymes were pro-
O I 
teases. Consequently, a crude Ca -activated factor (CAF) 
was prepared by using a slight modification of the pro­
cedure used by Busch et al. (1972) to prepare CASF. This 
crude CAF fraction was used as the starting material for 
purification of the factor responsible for Z-disk removal. 
The procedure used to prepare the crude CAF fraction and 
P+ derails of purification of the Ca -activated protease that 
degrades Z-disks from this crude CAF fraction will be de­
scribed in the Results. 
B. Chromatographic Procedures 
Sephadex 0-200, Sephadex G-1^ 0, and Agarose 6-B (6# 
agarose) were used for gel permeation column chromatography 
and were all purchased from Pharmicia Fine Chemicals, Inc. 
The columns were also purchased from Pharmacia Fine Chemi­
cals, Inc. Flow adaptors were routinely used in both the 
top and bottom of all columns and ascending elution was 
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used exclusively in the gel permeation columns. Ab-
sorbance of the eluant was monitored continuously at 280 
nm by using LKB Uvicord II or Uvicord III or by using a 
Pharmacia Duomonitor ultraviolet analyzer. Fractions of 
uniform volume were collected automatically in LKB Ultrorac 
7000 fraction collectors. Fraction size will be given 
where appropriate in the Results. Flow rates, amounts of 
sample applied, column dimensions and buffer systems for 
specific columns will also be given in the Results. 
DEAE-cellulose chromatography was done using Whatman 
DE-52 cellulose, DEAE-cellulose columns were packed under 
3.2 lbs nitrogen gas pressure/cm column diameter and were 
equilibrated by passing the appropriate buffer solution 
through them for at least 12 hr before loading the protein 
sample. Columns were from Pharmacia Fine Chemicals, Inc. 
and flow adapters were used to aid in loading the protein 
samples. Protein was eluted from DEAE-cellulose columns 
by using linear KCl gradients in all instances. Specific 
characteristics of the gradients vary with individual col­
umns and will be described where appropriate in the Results. 
Similarly, flow rates, column dimensions, protein loads, 
and buffer systems of specific columns used in this study 
will be described in the Results. Absorbance of the eluants 
was monitored continuously at 280 nm, and in some instances, 
at both 260 and 280 nm by using LKB Uvicord II or Uvicord 
6^ 
III or Pharmacia Duomonitor ultraviolet analyzers. KCl 
concentration of eluants from all columns was monitored 
continuously by using an LKB conductolyzer. As in gel-
permeation chromatography, constant-volume fractions were 
collected by LKB Ultrorac 7000 fraction collectors. The 
size of these fractions will be given where appropriate in 
the Results. Any protein remaining bound to the cellulose 
after the KCl gradient had finished was removed by flush­
ing the column with 0.1 N KDH. 
C. Electrophoresis Procedures 
Sodium dodecylsulfate-polyacrylamide disc gel electro­
phoresis (SDS-polyacrylamide gel electrophoresis) was done 
according to the method of Weber and Osborn (1969). Seven 
and one-half percent polyacrylamide gels containing 1 part 
methylenebisacrylamide to 7) parts actylamide by weight 
and 10 percent polyacrylamide gels containing 1 part 
methylenebisacrylamide to 37 parts acrylamide by weight 
were polymerized in glass gel tubes having an inside diam­
eter of 5 mm and a length of 120 mm. All gels used in this 
study were 8 cm long. The gels as well as the upper and 
lower electrophoresis reservoirs contained 0.1 M sodium 
phosphate buffer, pH 7.0, 0.1^  SDS. Protein samples were 
prepared for electrophoresis by heating tubes containing a 
solution made up of SDS, 20 mM sodium phosphate, pH 
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7.0, 0.1# bromophenol blue, 6.7# glycerol, 1.5 M 2-
mercaptoethanol (2-MCE) and 0.66 mg/ml protein for five 
mln in a boiling water bath. 
Because myofibrils are insoluble in nondenaturing 
solvents and are stored in 100 mM KCl, they required 
special preparation prior to electrophoresis. Myofibrils 
were washed three times with 100 mM NaCl by sedimenting 
the myofibrils at 1000 x and resuspending them in 2 
volumes (volume/weight) of 100 mM NaCl. After being 
sedimented for the third time from the 100 mM NaCl solution, 
the myofibril pellet was suspended in enough cold distilled 
water to make the final protein concentration of the sus­
pension 1 mg/ml. One ml of this myofibril solution was 
immediately transferred to another tube containing 0.5 ml 
of a solution made up of 5*2# SDS, 60 mM sodium phosphate, 
pH 7.0, 4.52 M 2-MCE, 0,03# bromophenol blue, and 20# 
glycerol, and the mixture was heated for at least 15 min 
in a boiling water bath. This procedure resulted in com­
plete solubilization of the myofibrils and avoided the dif­
ficulties that might be caused by high precipitating SDS 
or by high salt concentration in the sample interfering 
with electrophoresis. After preparation, the desired 
quantity of each sample was loaded onto the gels, and 
electrophoresis was conducted at 6 mamps/tube for 5 hours 
or until the bromophenol blue tracking dye was approximately 
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1.5 cm from the bottom of the gel. 
Gels were stained for 8-12 hr in 0,1% Coomassie 
brilliant blue R (Sigma Chemical Co.) that was dissolved 
in a 50^  methanol, 7% glacial acetic acid solution. 
After staining, gels were removed from the staining solu­
tion and destained electrophoretically in a Canalco "Quick 
Gel Destainer". The destaining solution consisted of 75 
ml glacial acetic acid, 50 ml methanol per 1000 ml solution. 
After electrophoretic destaining, gels were stored in de-
staining solution. Gel pictures were taken witii a Nikon, 
single-lens, reflex camera using Kodak, Panatomic X film. 
Most polyacrylamide gel electrophoresis in nondenatur-
ing solvents was done by using an Ortec ^ 100 pulsed con­
stant power supply (Ortec, Inc.), an Ortec 4200 electro­
phoresis tank, and an Ortec ^ 215 quartz electrophoresis 
cell. The system allowed casting of a polyacrylamide slab 
gel on which as many as 8 samples could be run simultane­
ously. Gels were 8 cm high and consisted of a 1 cm spacing 
gel on top of a 7 cm separating gel. The spacing gel was 
2.5^  polyacrylamide containing 1 part methylenebisacrylamide 
to h parts aerylamide by weight, and the separating gel was 
7.5^  polyacrylamide containing 1 part methylenebisacrylamide 
to 37.5 parts aerylamide by weight. Electrophoresis was 
conducted at pH 7.5 because preliminary experiments showed 
g .  
that the Ca -activated factor was labile above pH 8.0. The 
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separating gel was buffered at pH 7.? with Trls-HCl, and 
the spacing gel was buffered at pH 6.1 with a Tris-phosphate 
buffer system. The reservoir solution contained Tris-
diethylbarbituric acid buffer at pH 7.0. Both the reservoir 
?+ buffer and gels contained 1 mM EDTA to inactivate the Ca -
P-f 
activated factor by chelating Ca . In this electrophoresis 
system, the protein sample was concentrated in the spacing 
gel at pH 7.0 and was separated in the separating gel at pH 
7.5 (Maurer, 1971). Protein samples were loaded onto the 
gel in spacing gel buffer immediately before electro­
phoresis and electrophoresis was conducted at 325 volts 
for approximately 1 hr or until the bromphenol blue track­
ing dye was about 1.5 cm from the bottom of the gel. 
Slab gels were stained for 3 to 5 hr in 0.25^  napthol 
blue-black that was dissolved in 10^  acetic acid and were 
destained elsctrcphorstically in a solution containing 75 
ml glacial acetic acid and 50 ml methanol per 1000 ml. De-
staining was done in a Canalco "Quick Gel Destainer" modi­
fied to handle slab gels. Gels were stored in destaining 
solution until pictures could be taken with a Nikon, single-
lens, reflex camera using Kodak, Panatomic X film. 
In a few instances, polyacrylamide gel electrophoresis 
in nondenaturing solvents was done by using disc electro­
phoresis in tubes. A Canalco power supply was used for disc 
electrophoresis in nondenaturing medium. The stacking gel 
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was 1 cm long and separating gel was 7 cm long. Buffers, 
gels and all other solutions were the same as described for 
slab gel electrophoresis except that polyacrylamide disc 
gels in nondenaturing solvents were stained as described 
previously for SDS-polyacrylamide disc gels. 
Preparative polyacrylamide slab gel electrophoresis 
was performed by using the Ortec electrophoresis equipment 
and the buffer system described in the preceding paragraphs. 
For preparative electrophoresis the Ortec ^ 215 quartz 
electrophoresis cell was replaced with an Ortec 4200 pre­
parative electrophoresis cell. The sample was poured into 
a pre-cast well which ran the entire length of the poly­
acrylamide slab, and electrophoresis was conducted at 
until the bromophenol blue tracking dye was approximately 
1.5 cm from the bottom of the gel. The polyacrylamide slab 
was then removed from the preparative electrophoresis csll 
and was placed on ice. A thin slice was cut from each side 
of the slab and stained with 0,2^ % napthol blue-black dis­
solved in 10^  acetic acid until the protein bands became 
visible (usually 5 to 10 min). These stained strips were 
then aligned with the remainder of the slab gel, and by 
using the stained bands as a guide, the part of the poly­
acrylamide slab containing a desired protein was cut out. 
The polyacrylamide strip containing the desired protein was 
homogenized, was placed in a dialysis tubing and was dialyzed 
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against 1 mM potassium bicarbonate, ? mM EDTA, 5 mM 2-MCE 
for 2k hr. Following dialysis the sample was strained 
through Whatman #+l filter paper to remove acrylamide and 
was clarified at 100,000 x g^ ^^ . The protein samples ob­
tained in this way were assayed for CAF activity and were 
subjected to electrophoresis in SDS and nondenaturing sol­
vents to assay the efficiency of the electrophoretic puri­
fication. 
D. CAF Activity Assays' 
-
Three assay procedures were routinely used in this 
study to monitor CAP activity during purification. The 
first of these three assays was based on the observation 
that CAF quickly removes Z-disks from myofibrils in the 
presence of Ca^  ^but has no ultrastructurally detectable 
effect on myofibrils in ths absence of Ca . Consequently, 
CAF fractions were assayed for their ability to remove 2= 
disks from myofibrils as judged by phase and electron 
microscopy. To insure that observed Z-disk removal was 
p 1 
due to Ca -activated removal by CAF, three controls were 
run with every assay. Incubation conditions for the three 
controls and for the assay are described below: 
1) Myofibril Control: 100 mM KCl, 100 mM Tris-acetate, 
pH 7.5, 10 mM EDTA, 10 mM 2-mercaptoethanol, 1 mM 
NaN^ , 5*0 mg myofibrillar protein/ml,. This control 
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measured stability of Z-disks to the incubation con­
ditions in the absence of and CAF and insured that 
the myofibrils were not contaminated with an enzyme 
P+ indifferent to Ca but able to remove Z-disks. 
2) Ca^ -^no CAF Control: 100 mM KCl, 100 mM Tris-acetate, 
pH 7.5", 5 mM CaClg, 10 mM 2-mercaptoethanol, 0.1 mM 
EDTA, 1 mM NaN^ , 5 mg myofibrillar protein/ml. This 
P-L 
control assayed the effect of Ca alone on stability 
of Z-disks and insured that the myofibrils were not 
?+ 
contaminated by a Ca -activated, Z-disk-removing 
enzyme. 
3) CAF-no Ca^ "^  Control: 100 mM KCl, 100 mM Tris-acetate, 
pH 7.5, 10 mM EDTA, 10 mM 2-mercaptoethanol, 1 mM 
NaN^ , 5 mg myofibrillar protein/ml, 0.01 to 0.05 mg 
CAF protein/ml. This control measured the effect of 
P+ CAF on myofibrils in the absence of Ca and insured 
that the CAF preparations were not contaminated by an 
2+ 
enzyme indifferent to Ca but capable of removing Z-
disks. 
•+) CAF-Ca'^ "'" Assay: 100 mM KCl, 100 mM Tris-acetate, pH 
7:5, 5 mM CaClg. 10 mM 2-mercaptoethanol, 0.1 mM EDTA, 
1 mM NaNg, 5 mg myofibrillar protein/ml, 0.01 to 0.05 
mg CAF protein/ml. 
Assay tubes were incubated at 25^ C for 1 hr and samples were 
then taken for examination by phase and electron microscopy. 
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This assay is obviously qualitative in nature and in this 
study it will be referred to as the qualitative myofibril 
assay to differentiate it from the quantitative myofibril 
assay which will be described later. 
A quantitative assay of the proteolytic activity of 
CAP fractions used casein as a substrate for the enzyme. 
Proteolytic activity of CAF was determined by measuring 
rate of Ca^ -^activated release of material soluble in 2.5^  
TGA and absorbing at 278 nm from heat-denatured casein. 
Three controls were run with each assay exactly as described 
for the qualitative myofibril assay in the preceding para­
graph except that .^0 mg myofibrillar protein/ml was re­
placed by ?.0 mg casein/ml in a final volume of 2.0 ml. In 
all instances, assay tubes were preincubated for 10 min at 
2$^ C before the reaction was started by addition of CAP. 
The reaction was stepped at an appropriate time (usually 30 
min after addition of CAF) by addition of 2 ml of TCA 
to give a final TCA concentration of 2,%, The TCA pre­
cipitate was removed by centrifugation at 2000 x for 
20 min, and absorbance of the supernatant at 278 nm was 
determined. The spectrophotometer was blanked using the 
supernatant from the Ca -no CAF control tube (No. 2 in the 
myofibril assay) and all other readings were made using 
that absorbance as zero. CAP activity was defined as the 
difference between absorbance at 278 nm of the supernatant 
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from the CAF-Ca^  ^assay tubes and the supernatant from the 
2+ CAF-no Ca assay tubes. Absorbance of the casein control 
o t 
tube (No. 1 in the myofibril assay) and of the CAF-no Ca 
tube (No. 3 in the myofibril assay) was always very close 
2+ 
to zero when measured against absorbance of the Ca - no 
CAP control tube. 
The casein assay obviously provided a convenient and 
quantitative method for measuring proteolytic activity of 
CAF fractions, but it did not provide a measure of the 
ability of CAF to degrade myofibrils. Because the effect 
of CAF on myofibrils was of principal interest in this 
study, it was necessary to use a third assay of CAP activ­
ity to provide a quantitative measure of the effects of CAP 
on myofibrils. This third assay for CAF activity involved 
quantitation of the Ca^ -^activated release from myofibrils 
of material soluble in 100 KCl and absorbing at 278 nm. 
Again, three controls were run with each assay exactly as 
described in the qualitative myofibril assay. Total reac­
tion volume was 2 ml. The assay was done at 25°C and was 
started by addition of CAP and was stopped by addition of 
enough 100 mM EDTA to make the final concentration of EDTA 
in each assay tube 10 mM. Insoluble material was quanti­
tatively sedimented by centrifugation at 100,000 x for 
30 min, and absorbance of the supernatant at 278 nm was de-
2+ termined. Supernatant from the Ca -no CAF control tube was 
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used as a blank, and OAF activity was defined as the dif­
ference between the absorbance at 278 nm of the supernatant 
from the CAP-Ca^ "'' tubes and the CAF-no control tubes. 
Absorbance of the myofibril control tube and of the CAF-no 
P+ Ca tube was always close to zero when measured against 
p+ 
the Ca -no OAF control. Consequently, neither the myo­
fibrils nor the CAF fractions used in this study contained 
any contaminating proteolytic activity. Centrifugation at 
100,000 X necessary to completely sediment all in­
soluble , ultraviolet-absorbing material from the myofibril 
assays and thus allow reproducible results. Although this 
myofibril assay permitted quantitative determination of the 
ability of CAF to release soluble material from myofibrils, 
it provided no information on whether this material origi­
nated from the Z-disk in the myofibrils or whether release 
of the material was due to proteolytic activity of OAF, 
Consequently, all three of the assays described here were 
2+ 
necessary for careful monitoring of the Ca -activated re­
moval of Z-dlsks from myofibrils. 
Figure 1 shows the effect of CAF concentration on rate 
of hydrolysis of casein, and Figure 2 shows the time-course 
of hydrolysis of casein by CAF. To obtain reproducible 
assay results, it is essential that assay times and ab­
sorbance at 278 nm be such that they fall on the linear 
Figure 1. Effect of CAF concentration on the rate of casein hydrolysis 
Assay conditions'! 10 mg casein were incubated in 2.0 ml of 
100 mM KCl, 100 mM Tris-acetate, pH 7.10 mM MCE, 
5niM CaClp, 0.1 mM EDTA for 30 min at 25.OOC with the 
amounts of CAF indicated. Reaction was stopped by 
adding TCA to a final concentration of 2.55», the tubes 
were centrifuged at 2000 x gmov for 20 min, and the 
amount of material released from casein and soluble 
in 2.5J2 TCA was determined by measuring absorbance 
at 278 mn. 
ABSORBANCE AT 278nm AFTER 30 MIN 
9L 
Figure 2 Time-course of casein hydrolysis by CAF 
Assay conditions: 10 mg casein were incubated in 2.0 
ml 100 iiM KCl. 100 mM Tris-acetate, pH 7.$. 10 
mM MCE, 5 mM CaClp, 0.1 mM SDTA for indicated time 
at 25.0"C with 3.3 jJ.g CAF. Reaction was stopped 
by adding TCA to a final concentration of 2.^ ,^ 
the tubes were centrifuged at 2000 x Jmax 20 
min and the amouint of material released^ rom casein 
and soluble in 2.,^ % TCA was determined by measuring 
absorbance at 278 nm. 
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portion of these curves. For this reason, an assay time 
of 30 min was chosen and any assay tube having an absorbance 
of greater than 0.5 was repeated with less CAP fraction 
added to it. Similar curves showing the effect of CAP con­
centration on rate of peptide release from myofibrils and 
the time-course of peptide release from myofibrils by CAF 
are shown in Figures 3 and M-, respectively. On the basis 
of these curves, a standard assay time of 30 min was chosen, 
and tubes having absorbance readings in excess of 0.5 were 
repeated with less CAF fraction added to them. In general, 
the results of all three assays used in this study to meas­
ure CAF activity paralleled each other. This suggests that 
most of the peptides released from myofibrils by CAF as 
measured in the quantitative myofibril assay are due to 
removal of the Z-disk as estimated in the qualitative 
myofibril assay and that ths effects of CAF on myofibrils 
and Z-disks is due to the proteolytic activity of CAF as 
measured in the casein assay. As will be discussed in the 
Results, these qualitative indications of the nature of 
CAF's activity, obtained by comparison of the three assays 
used to monitor CAP activity, quite accurately reflect the 
nature of CAF's activity as measured by more definitive 
assays using purified CAF. 
Figure 3. Effect of CAP concentration on rate of peptide release from 
myofibrils 
Assay conditions : 10 mf; myofibrils were incubated in 2.0 ml 
of 100 mM KCl, 100 mM Tris-acetate, pH 7.10 mM MCE, 
5 mM CaCl2, 0.1 mM EDTA for 30 min at 25.0OC with the 
amount of CAF indicated. Reaction was stopped by adding 
EDTA to a JTinal concentration of 10 mM. the tubes were 
centrifuged at 100,000 x for 30 min and the amount 
of material released from the myofibrils and soluble in 
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Figure Time-course of peptide release from myofibrils by CAF 
Assay conditlo;tiss 10 mg myofibrils were incubated in 2.0 
ml of 100 mM KCl, 100 mM Tris-acetate, pH 7.5j 10 mM 
MCE, 5 mM CaCl2, 0.1 mM EDTA for indicated time at 
25.00c with 5 fig CAP. Reaction was stopped by adding 
EDTA to a final concentration of 10 mM, the tubes were 
centrifuged at 100,000 x Emair for 30 min and the 
amount of material released from the myofibrils and 
soluble in 100 mM KCl was determined by measuring 
absorbance at 278 nm. 
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E. Phase and Electron Microscopy 
Both phase and electron microscopy in this study were 
kindly performed by Dr. William Reville. Phase microscopy 
was done using a Zeiss Photo Microscope and electron 
microscopy was done using an RCA EMU-^  electron microscope. 
F. CAF Treatment of Purified Myofibrillar 
Proteins and %ofibrils 
CAF treatment of the purified myofibrillar proteins, 
myosin, actin, tropomyosin, troponin, a=actinin, and C-
protein, was done for 1 hr at 25°C and at myofibrillar 
protein concentrations of ^ .0 mg/ml. Control samples con­
taining no CAF were also incubated for 1 hr at 2^ C: Ionic 
conditions of CAF treatment differed for the different 
myofibrillar proteins and will be given where appropriate 
in the Results. Reactions were stopped by adding enough 
100 mM EDTA to each tube to make the final EDTA concentra­
tion in each assay tube 10 mM. The treated proteins and 
controls were then dialyzed for at least two hr against 1 
mîî KHCO^ , 1 mM EDTA to remove salt. The resulting protein 
fractions were assayed by using SDS-polyacrylamids gel 
electrophoresis and in some instances, were assayed in 
turbidity assays. Samples for sedimentation velocity anal­
ysis in the analytical ultracentrifuge were removed before 
dialysis. 
Qk 
G. Effect of CAP Treatment on the 
a-Ac tInin/F-Ac tin Interaction 
a-Actinin/P-actin mixtures were prepared by mixing 
one part of highly purified a-actinin with 5 parts G-actin 
by weight. To insure uniform mixing, G-actin and a-actinin 
were premixed in 1 mM KHCO^  before G-actin was polymerized 
by adding enough 1 M KCl to make final KCl concentration of 
the mixture 100 mM. CAP treatment of a-actinin/F-actin mix­
tures was for 1 hr in 100 mM KCl, 20 mM Tris-acetate, pH 
7.5, 10 mM 2-MCE, 5 mM CaCl^ , 0.1 mM EDTA at a CAP to G-
actin ratio of 1/200 by weight. Control mixtures were 
treated under conditions identical to the preceding except 
that water was added to these tubes instead of CAP. 
Incubation temperatures differed in each experiment and 
will be presented where appropriate in the Results. After 
reacting for 1.0 hr, all tubes were centrifuged at 144,000 
X Smax for 1 hr to sediment P-actin and any a-actinin bound 
to it. Because the amount of a-actinin that binds to F-actin 
in vitro varies with temperature, all a-actinin/P-actin mix­
tures were centrifuged at the same temperature at which they 
had been incubated during GAP treatment. The supernatant 
was decanted, was made 10 mM in EDTA, and was dialyzed 
against 1 mM KHCO^ , 5 mM EDTA overnight. The precipitate 
was resuspended by homogenization in a Potter-Elvehjem 
homogenizer in 1 mM KHCO^ , 5 mM EDTA, and was also dialyzed 
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overnight against this same buffer. Following dialysis, 
the amount of protein in supernatant s from the control and 
CAF-treated samples was determined by using the Folin-
Lowry method, a«id SDS-polyacrylamide gels were run on both 
the supernatant and the sedimented protein fractions to 
determine the relative proportions of a-actinin and actin 
in these fractions. 
H. Densitometer Scans of Polyacrylamide Gels 
Densitometer scans of SDS-polyacrylamide disc gels were 
done by using a Zeiss Spectrophotometer equipped with a 
thin-layer chromatography attachment modified to accept 
polyacrylamide gels. Gels were run, were stained with 0.1^  
Coomassie brilliant blue R, and were destained as described 
previously in this section. After setting in destaining 
solution for at least one week after eleotrophoretic de-
staining to insure maximum removal of background stain, the 
gels were scanned at 550 nm. 
In this study, it has been assumed that area under a 
given peak in a densitometer scan is proportional to the 
amount of protein making up the corresponding band in the 
gel that was scanned. This assumption is somewhat arbitrary 
and at least two conditions must be fulfilled if it is to be 
valid: 1) the proteins involved must bind the Coomassie 
blue stain equally; and 2) the relationship between amount 
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of protein constituting a given band in a polyacrylamide 
gel and absorbance at 550 nm of that band must obey Beer's 
Law. With these limitations in mind, densitometer scans 
of stained polyacrylamide gels have been used in this study 
to quantitate relative proportions of two proteins. In 
general, conclusions based on quantitation of scans of 
polyacrylamide gels have been limited to instances where 
differences are greater than 50^  and where experimental 
conditions require only comparisons between treated samples 
and controls involving a limited number of proteins handled 
under identical conditions. In each instance involving 
quantitation of polyacrylamide gel scans, a discussion of 
the possible errors involved will be given in the Results. 
I. pH Dependence of CAF Activity 
The pH dependence of the proteolytic activity of CAF 
was determined by using myofibrils as a substrate. CAF 
activity was assayed at pH values between 3*0 and 9*5 in 
assay mixtures consisting of 100 mM KCl, 100 mM Tris-acetate 
adjusted to the desired pH, 10 mM MCE, 5 mM CaClg, 0.1 mM 
SDTA, 2.5 mg myoflbrils/ml, and 0.005 mg CAF/ml. All assays 
were incubated at 25^ C for 30 min. To insure that pH of the 
assay mixtures remained constant, the pH of each mixture was 
measured both immediately before and after the 30 min reac­
tion period. Controls were done at all pH's and were 
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identical to experimental tubes except that 5 mM CaClg 
was replaced with 10 mM EDTA (OAF-no Ca^  ^control). The 
reaction was stopped by addition of enough 100 mM EDTA to 
make the final EDTA concentration in each assay tube 10 mM 
and insoluble material was sedimented by centrifuging at 
100,000 X CAF activity at a given pH was expressed 
as the difference between absorbance at 278 nm of the super-
natants from the assay tubes containing CAF and Ca , and 
the supernatants from the control tubes containing CAP and 
EDTA. 
J. Ca^ "*" Dependence of CAP Activity 
Two separate studies, one involving the use of casein 
as a substrate and the other involving the use of myofibrils 
g ,  
as a substrate, were done to determine the effect of Ca 
concentration on CAF activity. Procedures used for both 
casein and myofibril assays were identical to those pre-
2+ 
viously described for those substrates except that Ca con­
centration in the assay mixture was varied. The reaction 
was stopped, insoluble material was sedimented, and CAF 
activity was determined as described previously for the 
casein and the quantitative myofibril assays. In addition, 
actual Ca concentration in the supernatant from each assay 
tube was determined by using a Perkin-Elmer atomic absorption 
spectrophotometer. 
88 
K. Analytical Ultracentrifugation 
Studies involving analytical ultracentrifugation were 
done with a Spinco Model E analytical ultracentrifuge 
equipped with a RTIC unit and an electronic speed control. 
Sedimentation velocity runs were conducted at 20°C using 
double sector Kel-F. centerpieces and quartz lenses. High­
speed meniscus-depletion sedimentation equilibrium runs 
(Yphantis, 196^ +) were done by using a Yphantis, 6-channel 
centerpiece with sapphire lenses. Plates were measured 
with a Nikon 60 profile projector. 
L. Amino Acid Analysis 
Amino acid analysis on purified OAF was done by oxi­
dizing 0.5-1.0 mg of purified CAP with performic acid 
(Hirs, 1967). The oxidized sample was then placed in 2.0 
ml of constant-boiling HCl, and the tube was sealed under 
vacuum and was placed in a mineral oil bath at 108°C for 
24 hr. The protein hydrolysate ms cooled, was evaporated 
to dryness on a Buchler flash evaporator (Buchler Instru­
ments), was redissolved in 2.0 ml water and was evaporated 
to dryness two additional times. Amino acid analysis was 
conducted using a Beckman automatic amino acid analyzer. 
Turbidity assays of actomyosin suspensions were done 
according to the method of Robson et al. (1970). Ionic 
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conditions of the specific experiments will be given in 
the Results. 
M. Preparation of Purified-CAF-Released a-Actinin 
Myofibrils were prepared from 200 g of porcine skeletal 
muscle according to the method of Goll et al. (1974) and 
were treated with one part of CAP to 800 parts myofibrillar 
protein by weight for 30 min at in 100 mM KCl, 50 mM 
Iris-acetate, pH 7.5, 5 niM CaClg, 10 mM MCE. After 30 min 
of incubation, insoluble material was sedimented by cen-
trifugation at 3000 x for 20 min, and the supernatant 
containing a-actinin released by CAP from the myofibrils 
was decanted. Enough 100 mM EDTA was added to the super­
natant to make its final EDTA concentration 10 mM. The 
supernatant was then fractionated between 0 and 30^  am­
monium sulfate saturation, and the precipitated protein 
containing the CAP-released a-actinin was redissolved in 
1 mM KHCO^ , 5 mM MCE and dialyzed against this buffer over­
night. The protein fraction obtained by this procedure 
was called Pp^ Q^-CAP-released a-actinin. a-Actinin was 
then purified, from this pQ^ n^-CAF-relsased a-actinin frac­
tion by chromatography on a DEAE-cellulose column followed 
by chromatography on a hydroxyapatite column as described 
by Singh (19740. 
90 
IV. RESULTS 
Busch et al. (1972) previously reported that a crude, 
O t _ 
protein fraction causing Ca -activated removal of Z-disks 
from myofibrils Iji vitro could be isolated from muscle tis­
sue. Because this protein fraction was very heterogeneous, 
it was impossible to determine lAiether Z-disk removal was 
caused by one enzyme or by several enzymes acting syner-
gistically. Similarly, it was impossible to determine 
whether the enzyme or enzymes responsible for Z-disk re­
moval were proteases, amylases, lipases or some synergistic 
combination of these enzymes. In order to answer these 
questions definitively, it was necessary to purify the agent 
Q I 
or agents responsible for the Ga~ -activated Z-disk-r©moving 
ability of Busch's crude protein fraction. Consequently, 
the first part of this study describes purification of the 
Ca^ =^activated factor (CAF) present in the crude protein 
fraction isolated by Busch et al. (1972). After CAF prep­
arations of high purity had been obtained, subsequent ef­
forts were aimed at determining some of the physical and 
catalytic properties of the purified enzyme. Because CAF 
is the only known protease that has a physiological pH 
optimum, that alters the structure of myofibrils in vitro, 
and that can be isolated from muscle tissue, the enzyme may 
be involved in intracellular degradation of myofibrillar 
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proteins. Therefore, the third phase of this investigation 
involved examining the effect of CAF on purified myofibrillar 
proteins and on myofibrils. This was done in an effort to 
determine whether CAP was capable of degrading the myofibril 
sufficiently to contribute to intracellular turnover of this 
structure. The subsequent discovery that CAF had no de­
tectable effect on either a-actinin or actin, even though 
CAP caused release of a-actinin from Z-disks of myofibrils, 
presented a paradox, and in the last part of this study, 
the effect of CAF treatment on the jji vitro binding of a-
actinin to P-actin was examined in an effort to determine 
whether jji vitro bonds between a-actinin and F-actin were 
analogous to the bonds holding a-actinin in the Z-disk of 
the myofibril. 
For clarity, the results of this investigation will be 
presented in four sections s 1) purification of CAF; 2) 
studies on the physical and chemical properties of puri­
fied CAP I 3) studies on the effects of CAP on purified 
myofibrillar proteins; and !+) studies on the effect of CAF 
on the in vitro interaction of a-actinin and P-actin. 
A. Purification of CAF 
As mentioned previously, heterogeneity of the Pq_1|.o 
CAF fraction (Busch et al., 1972) made it impossible to de­
termine the nature of the factor or factors responsible for 
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Ca^ -^activated Z-disk removal from myofibrils. Although 
Oj. 
Ca -activated proteolytic activity was detected in Busch's 
crude protein fraction (Busch et al., 1972), the heterog­
eneity of Busch's preparation made it impossible to de-
pi 
termine whether this Ca -activated proteolytic activity 
was responsible for Z-disk removal. Therefore, before at­
tempting to purify CAF, it was necessary to develop reliable 
p I pi 
assays for both Ca -activated proteolytic activity and Ca -
2+ 
activated Z-disk-removal to insure that one of these Ca -
activated activities was not lost during purification. Con­
sequently, all column fractions obtained during purification 
of CAF were subjected to the series of five assays shown in 
Figure 5- The first three assays have been previously de­
scribed in the Materials and Methods. The qualitative 
myofibril assay indicated the Ca^ "^ -activated ability of 
each fraction to remove Z-disks and the second and third 
assays listed in Figure 5 employed casein and myofibrils, 
2+ 
respectively, to quantitate the Ca -activated proteolytic 
P+ 
activity of each fraction, and the Ca -activated ability 
of each fraction to degrade myofibrils. Although both the 
2+ 
casein and quantitative myofibril assays measure Ca -
activated proteolytic activity, these assays were not re­
dundant. The casein assay provides a convenient and re-
pJ. 
liable measure of the Ca -activated proteolytic activity 
of CAP fractions on a protein substrate commonly used to 
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Qualitative Myofibril Assay: 
Casein Assay: 
2+ Ca -activated ability of each 
protein fraction to remove Z-
disks from myofibrils was mon­
itored by using phase micros­
copy. 
P+ 
Measurement of Ca -activated 
ability of a protein fraction 
to release peptides soluble 
in 2,% TCA and absorbing at 
278 nm from heat-denatured 
casein. This assay is a quan­
titative measure of the Ca^ *-
activated ability of a protein 
fraction to proteolytically 
degrade casein. 
0«L Quantitative Myofibril Assay; Measurement of Ca -activated 
ability of a protein fraction 
to release peptides soluble in 
100 Bîi-î KGl and absorbing at 
278 nm from myofibrils. This 
assay is a quantitative meas-
P+ 
ure of the Ca -activated 
ability of each protein frac­
tion to proteolytically degrade 
myofibrils. 
Polyacrylamide Gel Electrophoresis in Sodium Dodecylsulfats. 
Polyacrylamide Gel Electrophoresis in a Nondenaturing Sol­
vent at pH 7.5. 
Figure S»* Assays used to measure activity and protein com­
position of fractions obtained during purification 
of CAP 
9»+ 
measure proteolytic activity. The casein assay, however, 
provides no information on ability of CAF fractions to de­
grade myofibrils. Several workers have reported that 
catheptic enzymes catalyzing proteolysis of hemoglobin and 
casein substrates are completely ineffective against myo­
fibrils; hence, ability of a protease to hydrolyze casein 
or hemoglobin cannot be considered a measure of that pro-
tease's ability to hydrolyze intact myofibrils. Copurifi-
cation of all three activities shown in the first, second 
and third assays listed in Figure 5 would indicate that 
these activities are properties of a single molecule. On 
the other hand, separation of these activities during pur­
ification would indicate that these activities originated 
from different enzymes. By using all three of these assays, 
it was possible to show unequivocally that the Ca -acti-
P+ 
vated Z-disk-removing activity, the Ca -activated proteo-
?+ lytic activity against casein, and the Ca -activated abil= 
ity to degrade myofibrils copurified during the CAF-puri-
fication procedure and that all three activities are present 
in a nearly homogeneous C&F preparation. Thus, it appears 
that the Ca^ "^ -activated Z-disk-removing activity and Ca^ '*"-
activated proteolysis of casein and myofibrils are caused 
by a single enzyme, CAF. 
P+ Because the Ca -activated proteolytic activity against 
casein and myofibrils evidently originates from a single 
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enzyme that degrades myofibrils, it was not surprising that 
proteolytic activity against those two substrates was very 
similar in all fractions assayed. Therefore, unless spe­
cifically stated otherwise, specific activities of CAP 
presented in the remainder of this study are those assayed 
by measuring the Ca^ "^ -activated proteolytic activity of CAF 
fractions against casein. It is to be understood, however, 
g  .  
that for all fractions assayed, the Ca -activated Z-disk-
P. 
removing ability and Ca -activated proteolytic activity 
2-4-
against myofibrils closely paralleled the Ca -activated 
proteolytic activity against casein. 
In addition to assays of proteolytic activity and 
ability to remove Z-disks, polyacrylamide gel electrophoresis 
both in SDS and in nondenaturing solvents was used to moni­
tor homogeneity of CAF at all stages during purification. 
In some instances, value of a purification step was assessed 
according to its ability to remove specific protein bands 
appearing on gels rather than by its ability to cause dra­
matic increases in CAF specific activity. Thus, poly­
acrylamide gel electrophoresis was also a valuable assay 
for monitoring purification of CAP. 
A Pg-ifO cru&e CAP fraction was prepared from minced 
porcine skeletal muscle by using a slight modification 
(Figure 6) of the procedure reported by Busch et al. (1972). 
In this modified procedure, CAF is extracted from muscle 
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Preparation of Pq_i,.q Crude CAF from Porcine Muscle 
Step I - Minced porcine skeletal muscle (10,000 to 
12,000 g) 
1) Suspend in 2.5 volumes (v/w) of ^  mM EDTA, 
pH 7.2, by three 30-second bursts on a 
Waring Blendor. 











Step II - Supernatant 
1) Strain through glass wool to 
remove lipid. 
2) Adjust pH to 6.2 by addition 
of acetic acid. 
3) Centrifuge at l4,000 x 
for 20 min. 
Step III - Supernatant It 
1) Adjust pH to 4.9 by addition 
of acetic acid. 
2) Centrifuge at 14,000 x E___ 
for 20 min. 
Step IV - Sediment 
1) Suspend in 700 ml Q»1 M Tris^  
acetate, 10 mM EDTA, pH 8.0, 
adjust volume to 2000 ml ana 
final pH to 7.3. 
2) Centrifuge at 143,000 x e _ 
for 60 min. 
Figure 6. Flow sheet showing preparation of Pq kn crude 
CAF from porcine skeletal muscle 
Muscle tissue was obtained from semidendenosous, 
semimembranosous, and biceps femorous muscles. 
All solution volumes are based on wet weight of 









Step V 1 - Supernatant 
1) Add solid ammonium sulfate to 
kO% saturation. 
2) Centrifuge at 14,000 x 
for 20 min. *max 
Step VI - Sediment 
1) Suspend in 70 ml 1 mM KHCOo, 
5 nM BDTA, ^  mM MCE, 
2) Dialyze against 1 mM KHCO4, 
? mM EDTA, 5 mM MCE for  ^
30-36 hours. 
3) Centrifuge at 143,000 x ^  




0-40 Crude CAP" (approzc 5000 
mg protein). 
Figure 6 (Continued) 
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by vigorous homogenization in •+ mM EDTA, pH 7.2. The muscle 
debris is removed by centrifugation at l4,000 x for 
20 min and the supernatant from this centrifugation is 
subjected to isoelectric precipitation between pH 6.2 and 
pH ^ .9" The resulting precipitate, which contains the CAF 
activity, is redissolved in 70 mis of 0.1 M Tris-acetate, 
pH 8.0, and 10 mM EDTA per 1000 grams of muscle originally 
used in the preparation. This solution is then diluted to 
200 ml final volume per 1000 grams original muscle used, 
the pH is adjusted to 7.3, and the solution is clarified at 
1^ 3,000 X for 60 min. The supernatant from this clar­
ification is salted out between 0 and kO% ammonium sulfate 
saturation, and the resulting precipitate containing the CAP 
activity is redissolved in 1 mM KHCO^ , 5 mM EDTA, 5 mM MCE 
and is dialyzed against this same solution until being clar­
ified and loaded"onto the first column. The protein frac­
tion prepared in this way is referred to as the Pq-I+O cru&e 
CAF fraction. This procedure is very similar to that re­
ported by Busch et al. (1972) except for the following mod­
ifications: 1) homogenization time has been increased from 
60 sec to 90 sec to increase the amount of CAF extracted 
from muscle tissue; 2) supernatant obtained by centrifuging 
the whole muscle homogenate (Step II, Figure 6) is subjected 
to isoelectric precipitation between pH 6.2and ^ .9 to precipi­
tate CAP instead of between pH 6.1 and ^ -.9 as was used by 
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Busch et al. (1972); it was noted during the present study, 
•that some CAP precipitated between pH 6.2 and 6.1 and that 
isoelectric precipitation of CAP between pH 6.2 and N-.9 in­
creased the yield of CAP activity in the crude CAP 
fraction; 3) the Pq-I+O cru&e CAP fraction was dialyzed 
against 1 mM KHCO^ , 5" mM EDTA, ? mM MCE before being clar­
ified at 143,000 X for 1.0 hr, instead of the 1 mM 
KHCOg, 1 mM EDTA solution used by Busch et al. (1972) for 
dialysis; if no MCE is used in the dialysis solution, a 
significant amount of CAP activity is sedimented during 
clarification at 1^ 3,000 x the concentration of EDTA 
was also increased to mM to insure that CAP was not in­
activated by traces of Ca^  ^during the dialysis. 
Because 12,000 g of muscle, fresh weight, are required 
to obtain 5-10 mg of highly purified CAP and because only 
i+000 g of muscle could be proeeased to the ?o-40 CAP 
stage in one day, it was necessary to pool Pq-I+O CAP 
fractions from three separate preparations before beginning 
column chromatography. In the routine schedule finally 
adopted, three Pq-^ O CAP preparations were made over 
a lO-day period, and column chromatographic purification 
was not initiated until all three crude CAP prepara­
tions had been accumulated. Pq-^ -O CAP fractions made 
early in this period were kept in dialysis against 1 mM 
KHCO^ , 5 mM EDTA, 5» mM MCE until they were pooled with the 
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other two Pq-^ -O CAP fractions; all three fractions 
were then clarified at 143,000 x for 60 min and were 
loaded onto the first column. Column chromatographic pur­
ification of CAF used five different columns in the se­
quence shown in Figure 7. Initially, the pooled Pq^i^q 
CAP fraction was loaded onto a 5\0 x 90 cm Agarose 6-B 
(Pharmacia Fine Chemicals, Inc.) column that had been 
equilibrated with 20 mM Tris-acetate, pH 7.5? 1 niM EDTA. 
Elution profile of the combined Pq^ lq fraction from the 
6% agarose column (Figure 8) shows that CAF activity elutes 
as a symmetrical peak fairly late in the elution profile 
P+ from this column. The Ca -activated Z-disk removing activ­
ity and the Ca^ -^activated proteolytic activity elute at 
the same point in the elution profile from the 6% agarose 
column, and these activities were found in only one part of 
the elution profile (Figure 8) = Consequently, if Ca^ "*"-
activated Z-disk removal was caused by synergistic action 
of several enzymes, these enzymes were either fairly uni­
form in size or were aggregated to form a single particle. 
p. 
Moreover, that the Ca -activated Z-disk removing activity 
and Cs?^ -sctlvated proteolytic activity eluted together from 
the 6% agarose column suggests that these activities either 
originate from the same molecule or from two molecules of 
very similar size. 
Protein eluted from the 6% agarose column was divided 
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1. 6^  agarose chromatography - OAF activity elutes late 
from this column as a single 
peak; this chromatographic 
step produces a 2 to 2.5-fold 
increase in specific CAF 
activity, 
2. DEAE-cellulose chromatography - Protein is eluted from 
this column with a linear 0-^ 00 
mM KCl gradient; CAP activity 
elutes late between 220 and 280 
mM KCl; this chromatographic 
step produces a 9 to 10-fold 
increase in specific CAP 
activity. 
3» Sephadex G-200 chromatography - CAF activity elutes 
last from this column; this 
chromatographic step ^ elds a 
2.5 to 3-fold increase in 
specific CAF activity. 
k. Second DEAE-cellulose chromatography - Proetin is eluted 
from this column with a very 
shallow 150 to 300 mM KCl 
gradient; CAF activity elutes 
as a broad peak with highest 
specific CAF activity eluting 
between 230 and 260 mM KCl; 
this chromatographic step 
yields a 1.1 to 1.5-fold in­
crease in specific CAF activity. 
5. Sephadex G=15Q chromatography - CAP activity elutes as a 
broad symmetrical peak; highest 
specific CAP activity elutes in 
the front part of the peak and 
this portion of the peak con­
tains purified GAP; this 
eliromatographic step yields a 
1.5 to 2-fold increase in spe­
cific CAF activity. 
Figure 7. Summary of the sequence of columns used for 
chromatographic purification of CAF 
Figure 8. ELution profile of the Po-^ t-O crude CAP fraction from a 5»0 x 
8if.8 cm 6% agarose column 
The column was loaded with 3998 mg of Pq-Ik) crude CAF in 68 
ml. Ascending elution was used and the column was eluted 
w;Lth 20 mM Tris-acetate, pH 7.5» 1 mM EDTA, 1 mM NaNo. Flow 
rate was 40 ml/hr jand 10 mJL fractions were collected. Plus 
or minus indicates presence or absence, respectively, of Ca2+-
activated Z-disk-removing ability. The dotted line represents 
Ca2+-activated proteolytic activity determined by using casein 
as a substrate. Tubes in the fractions indicated by dashed 
lines were pooled and the pooled fractions were analyzed on 
polyacrylamide gels in SDS and in nondenaturing solvents (see 
Figures 9 and 10, respectively). Fractions III and IV were 
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into four fractions as shown in Figure 8. The protein in 
each of these fractions was pooled and was subjected to 
polyacrylamide gel electrophoresis both in SDS and in non-
denaturing solvents (Figures 9 and 10, respectively). Pas­
sage through the 6% agarose column does not drastically 
alter the number and location of protein bands observed in 
SDS-polyacrylamide gels (Figure 9), although the higher 
molecular weight popypeptides tend to be increased in frac­
tions I and II. Most polsrpeptides x-/ith molecular weights 
greater than 100,000 daltons in the original crude 
CAF fraction seemed to elute in fractions I and II (Figure 
9)J a 200,000-dalton polypeptide was especially separated 
into fractions I and II. Higher molecular weight poly­
peptide chains would be expected to elute earlier from 6% 
agarose columns than lower molecular weight polypeptides. 
Although chromatography through a 6% agarose column removed 
a relatively small amount of inactive protein and eliminated 
only a few protein species, removal of these few heavy 
molecular weight species greatly enhances the effectiveness 
of DEAE-cellulose chromatography in the next step of the 
GAF-purification procedure. The reason for this enhancement 
in efficiency of DEAE-cellulose chromatography is unclear. 
Evidently, the heavy molecular weight material removed by 
chromatography on 6% agarose interferes with elution of CAP 
from DEAE-cellulose because in the presence of this heavy 
Figure 9. Seven and one-half percent SDS-polyacrylamide 
gels of Po-ifO crude CAP and of fractions from 
6% agarose chromatography of Pq-^ -O crude CAP 
FT. I,Pr. II,Fr. Ill and Fr. IV refer to desig-
natea fractions in the elution profile of Pq-Lq 
crude CAF from the agarose 6-B column (see 
Figure 8). Fractions III and IV contain CAF 
activity. All gels are loaded with 25 of 
protein per gel. 

1 
Figure 10. Seven and one-half percent polyaerylamide slab 
gel of Po-lfo crude CAF and of fractions from 6^  
agarose chromatography of Po-lfo crude CAF 
The slab gel was run at pH 7.5 in a nondenatun­
ing medium. Fr. I. Fr. II, Fr. Ill and Fr. IV 
refer to the fractions designated in the elution 
profile of Po-lfp crude GAP from the 6^  agarose 
column (Figure 8). Fractions III and IV contain 
CAF activity. Arrow indicates approximate migra' 
tion distance of purified CAF under the electro-
phoretic conditions used. All samples were 














molecular weight material, CAP activity eluted from DEAE-
cellulose in several peaks over a broad range of KCl con­
centration. In the absence of this heavy molecular weight 
material, however, CAP activity elutes from DEAE-cellulose 
in a single peak over a narrow range of KCl concentration 
(see Figure 11). 
Polyacrylamide gels run at pH 7.5 in nondenaturing 
solvents also indicated that 6^  agarose chromatography 
removes some very large molecular weight contaminants from 
the crude CAP fraction (Figure 10). Most of the ma­
terial in fractions I and II was so large that it could 
not enter the 1»% polyacrylamide separating gel and lodged 
at the interface of the sample and 7.separating gels. 
The arrow at the left of the gels in Figure 10 shows the 
approximate migration distance of purified CAP under these 
conditions of electrophoresis (evidence of this will be 
presented later). Both fractions III and IV contain a 
protein band in this region of the gel, and both these frac­
tions contain some CAP activity, although specific CAP ac­
tivity in fraction IV is not as high as that in fraction 
III (Figure 8). Because the protein composition of frac­
tions III and IV appear very similar in polyacrylamide gels 
done in both SDS and nondenaturing solvents and because 
fractions III and IV both contain detectable CAP activity, 
these two fractions were routinely pooled and used in the 
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next purification step. The average specific activity of 
the pooled fractions III and IV is approximately 2.2 times 
greater than that of the OAF fraction loaded 
onto the 6% agarose column. 
In the next purification step (Figure 7), the pooled 
fractions III and IV (in 20 mM Iris-acetate, pH 7.5) 1 mM 
EDTA, 1 mM NaN^ ,) from the 6% agarose column were adjusted 
to a final MCE concentration of 0.1^  and were loaded onto 
a 2.? X 38 cm DBAE=cellulose column that had been equili­
brated against 20 mM Iris-acetate, pH 7.5» 1 mM EDTA, 0.1 
% MCE. Because the pooled fractions III and IV from the 6% 
agarose column were not concentrated by salting out before 
being loaded onto the DEAE-cellulose column, volumes as 
large as 700 ml were routinely loaded onto the DEAE-cel-
lulose column. By loading cellulose ion-exchange columns 
under proper conditions, protein molecules of interest can 
be bound to the ionic groups of the cellulose and allow 
solvent to pass through the column. These protein mole­
cules can then be eluted from the column by a salt gradient. 
Consequently, it is possible to load large volumes of dilute 
protein solution onto ion-exchange cellulose columns without 
affecting the efficiency of the column. On the other hand, 
ammonium sulfate salting out of proteins to concentrate them 
inevitably results in 10 to 20^  of the protein being lost by 
denaturation, failure to empty dialysis bags completely, etc. 
Ill 
Because ammonium sulfate salting out requires at least 2h 
hr, it seemed that loading the dilute fractions III and IV 
from the 6% agarose column directly onto the DEAE-cellulose 
column would be preferable to concentrating these fractions 
by salting out before loading onto the DEAE-cellulose col­
umn. 
Protein was eluted from the DEAE-cellulose column with 
a linear 0-^ -00 mM KCl gradient in 20 mM Tris-acetate, pH 
7.5, 1 mM EDTA, 0,1% MCE (Figure 11). The principal Ca^ "^ -
activated proteolytic activity elutes late in the elution 
profile between 220 and 280 mM KCl (fraction V in Figure 11), 
Because DEAE-cellulose is an anion-exchanger that binds 
molecules having the greatest net negative charge most 
strongly, the late elution of CAF from DEAE-cellulose col­
umns suggests that CAF has a greater net negative charge at 
pH 7.5 than other proteins in the 6^  agar-ose-purifisd frac­
tion do. This high net negative charge of CAF ostensibly 
explains the effectiveness of DEAE-cellulose columns in 
purifying CAF. Again, the Ca^ '^ -activated Z-disk removing 
?+ 
ability and the Ca -activated proteolytic activity elute 
together as a single peak from the DEAE-cellulose column 
(Figure 11). Careful examination of the elution profile 
2+ 
shows that a small amount of Ca -activated proteolytic 
activity is eluted in fraction II (Figure 11) ahead of the 
m , 
main peak of Ca -activated proteolytic activity. Although 
Figure 11. Elution profile of 6)^  agarose-purified CAF 
(fractions III and IV, Figure 8) from a 
2.5 X 38 cm DEAE-cellulose column 
A total of 1735 mg of 6^  agarose-purified CAF 
(protein in fractions III and IV in Figure 8) 
was applied, and the column was eluted with 
a continuous! gradient consisting of 600 ml 
each of 20 niM Tris-acetate, pH 7.5, 1 mM BDTA, 
0.1^  MCE and of ^ -00 mM KCl, 20 mM Tris-acetate, 
pH 7.5} 1 m)I EDTA, 0.1^  MCE. Flow rate was 30 
ml/hr, and 10 ml fractions were collected. 
KCl concentration in the eluantis shown by 
diagonal, dashed line. Plus or minus indi­
cates presence or absence, respectively, of 
Ca2+-activaited Z-disk-removing ability in 
the indicated fraction. Ca2+-activated 
proteolytic activity determined by using 
casein as a substrate is shown by the dotted 
line. Tubes in fractions indicated by the 
vertical dashed lines were pooled and were 
subjected to polyacrylamide gel electro­
phoreses both in SDS and in nondenaturing 
buffers (Figures 12 and 13, respectively). 
Fraction V was designated DEAE-cellulose-
purified CAP and was advanced to the next 
purification step. 
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this result was reproducible, the Ca^ "^ -activated proteo­
lytic activity eluting in fraction II constitutes less 
than 1$ of the total Ca -activated activity of the main 
peak of activity eluting from the DEAE-cellulose column 
(fraction V). It was, therefore judged that the small 
amount of activity eluting in fraction II was not signifi-
2+ 
cant in terms of the overall Ca -activated proteolytic 
activity of the preparation. The nature of the proteo­
lytic activity eluting in fraction II was not investigated, 
and it is not known whether this activity is identical to 
CAF. DEAE-cellulose chromatography routinely resulted in 
a nine- to ten-fold increase in specific activity of CAF 
(Table 1) and was, therefore, a valuable step in purifica­
tion of CAP. As discussed previously, if Pq-^ -O CAF 
was chromatographed directly on DEAE-cellulose without 
being first chromatogrammed on a 6^  agarose column, CAF 
activity eluted in a broad peak between 100 and 300 KCl, 
and the protein in this broad peak had only two- to three­
fold greater CAF-specific activity than the Pq_Ij.q crude CAF 
fraction. 
Thus, use of 6^  agarose chromatography before DEAE-
cellulose chromatography results in two to three times 
greater purification of CAF by DEAE-cellulose chromatography 
and seems essential for efficient purification of CAF. Pro­
tein eluted from the DEAE-cellulose column was collected in 
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six fractions designated in Figure 11, and each of these 
six fractions was subjected to polyacrylamide gel electro­
phoresis in SDS and in nondenaturing solvents (Figures 12 
and 13, respectively). Polyacrylamide gels in a nonde­
naturing buffer at pH 7.5 shows a dramatic concentration 
in fraction V of protein migrating at the same rate as OAF 
(the band indicated by the arrow in Figure 13). Hence, 
polyacrylamide gel electrophoresis in a nondenaturing sol­
vent confirms the conclusion that DEAE-cellulose chroma­
tography results in a very signifleant purification of CAF, 
although it is obvious that fraction V from the DEAE-
cellulose column is still not homogeneous on polyacrylamide 
gels (Figures 12 and 13). SDS-polyacrylamide gels (Figure 
12) indicate that fraction V from the DEAE-cellulose column 
still contains polypeptide chains that vary widely in 
molecular -weight from over 100^ 000 daltons to approximately 
30,000 daltons. It therefore seemed likely that chroma­
tographic procedures involving separation on the basis of 
molecular size should produce significant purification of 
the DEAE-cellulose CAF fraction. Gel permeation column 
chromatography using Sephadex G-200 was the method chosen 
because Sephadex G-200 effectively separates molecules in 
the molecular weight range found in fraction V. 
Fraction V from the DEAE-cellulose column (Figure 11) 
was salted out between 0 and (NHi^ )^  80saturation, was 
Figure 12. Seven and one-half percent SDS-polyacrylamide 
gels of 6^  agarose-purified CAP (Pr. Ill and 
Fr. IV, Figure 8) and of fractions separated 
by DEAE-cellulose chromatography of agarose-
purified CAF (Figure 11) 
Fr. I, Fr. II. Fr. Ill, Fr. IV, Fr. V and 
Fr. VI refer zo the fractions designated in 
the elution profile of the 6^  agarose-pur-
ified CAF from a DEAE-cellulose column 
(Figure 11). Fraction V contains CAP activ­
ity. All gels are loaded with 25 p-g of pro­
tein per gel. 
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Figure 13. Seven and one-half percent polyacrylamide slab gel of Pq-I+o 
crude CAF, of 6^  agarose-purified CAF (Fr. Ill and Fr. 
IV, Figure 8) and of fractions separated by DEAE-cellulose 
chromatography of the 6% agarose-purified CAF 
The slab gel was run at pH 7.5 in a nondenaturing buffer. 
Fr. I, Fr. II, Fr. Ill, Fr. IV, Fr. V and Fr. VI refer to 
the fractions designated in the elution profile of the 6^  
agarose-purified CAF from a DEAE-cellulose column (Figure 
11). Fraction V contains CAF activity. The arrow desig­
nates the distance that purified CAF migrates under the 
electrophoretic conditions used. All samples were loaded 
at 30 p.g of protein. 
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dlalyzed overnight against 1 mM KHCO^ , 5 EDTA, 5 mM 
MCE, was clarified at 10^ ,000 x for 1.0 hr, and was 
loaded onto a 2.5 x 88.0 cm Sephadex G-200 column. The 
column was eluted with 20 mM Tris-acetate, pH 7.5, 1 mM 
EDTA, 1 mM NaN^ . The elution profile of DEAE-cellulose-
purified CAF from a Sephadex G-200 column (Figure l4) has 
three major peaks. CAF activity elutes late as a single 
2+ 
symmetrical peak from Sephadex G-200. Moreover, the Ca -
2+ 
activated Z-disk-removing activity and the Ca -activated 
proteolytic activity elute together from the G-200 column. 
The specific CAF activity of fraction III (Figure l4) 
is approximately 3.5 times greater than that of DEAE-
cellulose fraction V loaded onto the Sephadex G-200 column. 
Polyacrylamide gels in SDS (Figure 15) and in non-
denaturing solvents (Figure 16) confirm that Sephadex G-200 
chromatography removes several large polypeptides that con­
taminate DEAE-cellulose-purified CAF. Most of the proteins 
in fraction I from the Sephadex G-200 column were too large 
to enter the 7.5^  separating gel during electrophoresis in 
nondenaturing buffer (Figure 16). Thus, by all criteria, 
Sephadex G-200 chromatography was a useful step in purifi­
cation of CAF. 
At this stage in purification of CAF, two physical 
properties of the CAF molecule, size of the molecule and 
strength of the molecule's binding to ion-exchange columns. 
Figure l4. Elution profile of DEAE-cellulose-purified CAP (Fr. V, Fig­
ure 11) from a 2.5 x 88.0 cm Sephadex G-200 column 
A total of 174 mg of DEAE-cellulose-purified CAP in 8 ml 
was loaded onto the column. Ascending elution with 20 mM 
0?ris-acetate, pH 7.5, 1 d3M ED TA, 1 mM NaN^  was used. Flow 
rate was 15 ml/hr and 7.5 ml fractions were collected. Plus 
or minus indicates the presence or absence, respectively, of 
Ca2+-activated Z-disk-removing ability. Ihe dotted line 
represents Ca2+-.activated proteolytic activity determined 
by using casein as a substrate. Tubes in fractions indi­
cated by the dashed lines were pooled and were subjected 
to polyacrylamide gel electrophoresis both in SDS and in 
nondenaturing medium (Figures 15 and 16. respectively). 
Fraction III contained the highest specific CAP activity 
and was advanced to the next purification step. 
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Figure I?. Seven and one-half percent SDS-polyacrylamide 
gels of DEAE-cellulose-purified CAP (Fr. V, 
Figure 11) and of the fractions separated by 
Sephadex G-200 chromatography of DEAE-cellulose 
purified OAF 
Fr. I, Fr. II and Fr. Ill refer to the frac­
tions designated in the elutlon profile of the 
DEAE-cellulose-purified CAP from a Sephadex 
G-200 column (Figure 1^ ). Fraction III con­
tains the highest specific CAP activity and 
was advanced to the next purification step. 




Figure 16. Seven and one-half percent polyacrylamide gels 
of Pg-lfO crude CAF, of DEAB-cellulose-purified 
CAF CFr. V- Figure 11), and of the fractions 
separated by Sephadex 6-200 chromatography of 
DEAE-cellulose-purified CAF 
The gels were run at pH 7.$" in a nondenaturing 
"buffer. Fr. I, Fr. II and Fr. Ill refer to the 
fractions designated in the elution profile of 
DEAE-cellulose-purified CAF from a Sephadex 
G-200 column (Figure 11+). Fraction III contains 
most of the CAF activity. The distance that 
purified CAF migrates under the electrophoretic 
conditions used is indicated at the right side 
of the figure. All gels are loaded with 30 (J-g 




had been used to separate CAF from other proteins contam­
inating the Pq-J+O crude CAP fractions. Theoretically, a 
greater degree of purification will be achieved if dif­
ferent physical properties of a protein are used to purify 
that protein rather than using the same physical property 
several times. Because hydroxyapatite columns separate 
proteins on the basis of strength of their adsorption to 
hydroxyapatite (a form of Ca^ (P0|^ )2), purification of pro­
teins on hydroxyapatite columns depends on different prop­
erties of the protein than purification on gel filtration 
columns or ion-exchange cellulose columns. Consequently, 
additional purification of CAP was attempted by using 
hydroxyapatite chromatography of the active CAF fraction 
eluted from the Sephadex G-200 column. Application of 
Sephadex G-200-purified CAP (fraction III, Figure iW-) to 
a hydroxyapatite column in 10 mM K-phosphate pH 7.0, and 
elution with a linear 10 to 4-00 mM K-phosphate gradient 
resulted in elution of a single protein peak. Assays of 
CAF activity showed that all CAF activity was eluted in 
this single peak, and that the protein in this peak did 
not have a greater specific activity than the protein in 
the Sephadex G-200-purified CAF. Polyacrylamide gel 
electrophoresis in both SDS and nondenaturing buffer at 
pH 7.5 showed no concentration of CAF in one part of the 
peak. Consequently, hydroxyapatite chromatography seemed 
128 
incapable of producing additional purification of the 
Sephadex G-200-purified CAF. 
A second attempt to obtain additional purification 
of Sephadex G-200-purified CAP was made by using a second 
DEAE-cellulose ion-exchange column and eluting with a very 
shallow KCl gradient. Sephadex G-200-purified CAF was made 
150 mM in KCl by addition of 3 M KCl and 0.1^  in MCE by 
addition of concentrated MCE. This protein fraction in 15*0 
mM KCl, 20 mM Tris-acetate, pH 7.5"? 1 mM EDTA, 1 mM NaN^ , 
0.1# MCE was then loaded onto a 1.6 x 1^  cm DEAE-cellulose 
column that had equilibrated against 1^ 0 mM KCl, 20 mM Tris-
acetate, pH 7.5, 1 mM EDTA, 0,1% M3E for 12 hr. The column 
was eluted by using a linear 1^ 0-300 mM KCl gradient in 20 
mM Tris-acetate, pH 7.^ , 1 mM EDTA, 0.1% MCE. Although DEAE-
cellulose chromatography had been used in a previous puri­
fication step, it was hoped that, by employing a very shal­
low KCl gradient, it would be possible to separate protein 
molecules on the basis of charge differences that were too 
small to result in separation during elution from the first 
DEAE-cellulose column where a much steeper KCl gradient had 
been used. CAF activity is present throughout the elution 
profile of Sephadex G-200-purified CAF off this second DEAE-
cellulose column (Figure 17) but a peak of CAF specific 
activity occurs in fraction II eluted from this column 
(Figure 17). SDS-polyacrylamide gels show that fraction II 
Figure 17. Elution profile of Sephaclex G-200-purified CAF 
(fraction III, Figure 1^ ) from a 1.5 x 15-0 cm 
DEAE-cellulose column 
A total of ^ 5»9 mg of Sephadex G-200-purified 
CAF was applied in 50 mil, and the column was 
eluted with a continuous gradient consisting 
of 100 ml each of 150 mM KCl, 20 mM Tris-acetate, 
pH 7.5, 1 mM EDTA, 0.1# MCE and of 300 mM KCl, 
20 mM Tris-acetate, pH 7.5» 1 mM EDTA. 0.1# MCE. 
Flow rate was 12; ml/hr and 3 ml fractions were 
collected. KCl concentration in the eluant is 
shown by the diagonal, dashed line. All frac­
tions between tubes 65 and 120 (Figure 17) con­
tained Ca2+-activated Z-disk-removing activity. 
Ca2-f--activated proteolytic activity determined 
using casein as a substrate is showi by the 
dotted line. Tubes in fractions indicated by 
the vertical dashed lines were pooled and were 
subjected to polyacrylamide gel electrophoresis 
both in SDS and in a nondenaturing buffer (Fig­
ures 18 and 19, respectively). Fraction II, 
eluting between 230 and 260 mM KCl was advanced 
to the final pm'ification step. 
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contains three major bands, one at 80,000 daltons, one at 
60,000 daltons and one at 30)000 daltons (Figure 18). 
Polyacrylamide gels in nondenaturing buffer at pH 7.5 had 
four protein bands (Figure 19) although the most rapidly 
migrating of these four bands was usually present in 
smaller proportions than shown in Figure 19. 
It was clear at this stage that identification of 
those protein bands in SDS and pH 7.^ -polyacrylamide gels 
that contained CAF activity would greatly facilitate further 
purification efforts. Therefore, fraction II from the 
second DEAE-cellulose column (Figure 17) was subjected to 
preparative polyacrylamide slab gel electrophoresis. Re­
sults of preparative polyacrylamide slab gel electrophoresis 
done as described in the Materials and Methods are shown in 
Figure 20. As already shown in Figures 18 and 19, poly­
acrylamide gels of fraction II from the second DEAE-cel­
lulose column contain three (or four) main protein bands 
when electrophoresed in nondenaturing buffer at pH 7.5 (gels 
a and b. Figure 20), and contain three main bands cor­
responding to polypeptide molecular weights of 80,000, 
60,000 and 30,000 daltons when electrophoresed in the 
presence of SDS (gel f, Figure 20). The most slowly mi­
grating of the three bands observed in pH 7.5 polyacrylamide 
gels is faint and is observed only at fairly heavy protein 
loads on the gel (gel a. Figure 20). The most rapidly 
Figure 18. Seven and one-half percent SDS-polyacrylamide 
gels of Sephadex G-200-purified CAF (Fr. Ill, 
Figure 1^ ) and of the fractions separated by 
DEAE-cellulose chromatography of Sephadex G-200-
purified GAF 
Fr. I. Fr. II. Fr. Ill and Fr. IV refer to the 
fractions designated in the elution profile of 
Sephadex G-200-purified CAF from a DEAE-cel­
lulose column (Figure 17). Fraction II contains 
only one band in addition to the 80,000 and 
30,000 dalton bands contributed by CAP so 
fraction II was advanced to the final purifi­
cation step. All gels were loaded with 2? ng 
of protein per gel. 
•«•M 









Figure 19» Seven and one-half percent polyacrylamide 
gels of Po-lfO crude CAP, of Sephadex G-200-
purified CAP (Figure 14, Fr. Ill) and of 
the fractions separated by DEAE-cellulose 
chromatography of Sephadex G-200-purified 
GAP 
All gels were run at pH 7.5 in a nondenaturing 
buffer. Pr. I, Fr. II, Fr. Ill and Fr. IV 
refer to the fractions designated in the elu-
tion profile of Sephadex G-200-purified CAP 
from a DEAE-cel.l ulose column (Figure 17). 
The distance that purified CAP cdgrates under 
these electrophoretic conditions is indicated 
'by an arrow. Fraction II was advanced to the 
final purification step. All samples were 
loaded with 2? iig of protein. 
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Figure 20. Seven and one-half percent polyacrylamide gels of fractions ob­
tained by preparative electrophoresis of the active CAF fraction 
from the second DME-cellulose column (fraction II, Figure 17) 
Gels a and b show the appearance of the second DEAE-cellulose-
purified CAF fraction in a polyacrylamide gel in nondenaturing 
buffer. A large gel slab containing the second DEAE-cellulose-
purified CAF fraction electrophoresed under conditions identical 
to those used in gels a and b but not stained was divided into 
three sections. Section 1 was the area above the dark major 
band, section 2 was the area corresponding to the dark major 
band and section 3 was the area under the dark major band and 
including the second darkest band. Protein was eluted from 
these three sections to give the corresponding protein frac- / 
tions 1, 2 and 3. Gels c, d and e show polyacrylamide gels in 
nondenaturing solvents of the three fractions (fractions 1. 2 
and 3, respectively) obtained by preparative electrophoresis of 
the protein fraction electrophoresed in gels a and b. Gel f 
shows the appearance of the second DEAS-cellulose-purified CAF 
fraction (fraction II, Figure 17) in SDS-polyacrylamide gel 
electrophoresis. Gels g, h and i are SDS-polyacrylamide gels 
of the fractions (fractions 1, 2 and 3 respectively) obtained 
from preparative electrophoresis of the second DEAE-cellulose 
active fraction and are the same protein fractions shown in 
gels c, d and e after electrophoresis in nondenaturing buffer. 














migrating protein band in pH 7.5-gels is sometimes present 
as a doublet (of, gels a and b, Figure 20 with fraction II 
gel, Figure 19). After location of the bands shown in gels 
a and b (Figure 20) had been determined, the slab gel was 
sliced into three sections. Section 1 consisted of the 
portion of the gel containing the faint, slowly migrating, 
protein band above the principal heavy protein band, section 
2 consisted of the portion of the gel containing the heavy, 
dark, protein band, and section 3 consisted of the portion 
of the gel below the dark band. Protein was eluted from 
each of these gel sections as described in the Materials and 
Methods to give corresponding protein fractions 1, 2 and 3» 
These protein fractions were then assayed for CAF activity 
and subjected to polyacrylamide gel electrophoresis in both 
nondenaturing buffer at pH 7.^  (gels c, d and e. Figure 20) 
and SDS (gels g, h and i. Figure 20). Gels c, d and e in 
Figure 20 are pH 7.5-polyacrylamide gels of fractions 1, 2 
and 3, respectively. Although preparative polyacrylamide 
slab gel electrophoresis resulted in good separation be­
tween the proteins in fractions 1 and 2, it gave less com­
plete separation between the proteins in fractions 2 and 3-
This incomplete separation may arise because the proteins 
in fractions 2 and 3 band so closely together in pH 7.5-
gels that it is difficult to cut between the two bands 
cleanly. Thus, in the process of slicing the gel, some 
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cross-comtajnination is inevitable. 
Assays for Ca^ -^aotivate& Z-disk-removing activity and 
P+ for Ca -activated proteolytic activity using the quantita­
tive myofibril assay and quantitative casein assay revealed 
that all three protein fractions possessed some activity in 
these assays. Fraction 2 was by far the most active frac­
tion. Fractions 1 and 3 were, respectively, about and 
15% as active as fraction 2 as estimated by the quantitative 
casein and myofibril assays. 
SDS-polyacrylamide gels of fractions 1, 2 and 3 are 
shown in gels g, h and i, respectively (Figure 20). Frac­
tions 1 and 2 appear identical on SDS-polyacrylamide gels, 
although the gel of fraction 1 (gel g, Figure 20) is so 
lightly loaded that it is very difficult to detect the 
30,000-dalton component in this gel. Neither protein frac­
tions 1 nor 2 contained any appreciable 60,000=dalton com­
ponent (gels g and h. Figure 20) and both these protein 
fractions seemed to consist primarily of 80,000 and 30,000-
dalton polypeptides (gels g and h, Figure 20). The SDS-
polyacrylamide gel of fraction 3, on the other hand, contains 
a major band at 60,000 daltons and minor bands in the region 
of 80,000 and 30,000 daltons. 
Because fraction 2 possesses by far the highest spe­
cific CAF activity of the three protein fractions isolated 
by preparative electrophoresis, it is almost certain that 
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the major band appearing in this fraction is CAP protein. 
That the fraction 2 protein electrophoreses as a single 
major band in nondenaturing solvents (gel d, Figure 20) 
and as two major bands in denaturing solvents (gel h, Fig­
ure 20) strongly suggests that CAF has two nonidentical 
subunits of molecular weights 80,000 and 30,000 daltons. 
Because fraction 3 contains some contamination from frac­
tion 2, the relatively small amount of CAF activity in this 
fraction can be attributed to the small amount of 80,000 
and 30,000-dalton material in this fraction. Hence, the 
60,000-dalton component, which is the major polypeptide in 
fraction 3, probably has no CAF activity. Although the 
protein in fractions 1 and 2 appears identical on SDS-
polyacrylamide gels (gels g and h, Figure 20), the protein 
in fraction 1 moves significantly more slowly on pH 7.5-
polyacrylamide gels than the protein in fraction 2 does 
(gels c and d, Figure 20). These observations suggest that 
the protein in fraction 1 may simply be a disulfide aggre­
gate of the CAF protein in fraction 2. Polyacrylamide gel 
electrophoresis at pH 7.^  of fraction 1 in the presence of 
MCE has shown that fraction 1 comigrates with fraction 2 
when MCE is present in the gels, this substantiates the 
suggestion that fraction 1 is a disulfide aggregate of 
fraction 2. 
Consequently, preparative polyacrylamide slab gel 
1^1 
electrophoresis not only showed, which of the protein bands 
seen on polyacrylamide gels was CAF but also showed that 
although CAF migrated primarily as a single protein band 
in electrophoresis on nondenaturing polyacrylamide gels, 
it migrated as two protein bands corresponding to subunit 
molecular weights of 80,000 and 30,000 daltons in SDS-
polyacrylamide gel electrophoresis. Hence, it seems very 
likely that the CAF molecule contains two dissimilar sub-
units. Although a reasonably pure CAF preparation could be 
obtained by using preparative polyacrylamide slab gel 
electrophoresis (gels d and h, Figure 20), only 0.1 to 
0.3 mg of purified CAF could be obtained with this pro­
cedure. Thus, although preparative polyacrylamide slab 
gel electrophoresis served a valuable analytical function 
in this study, preparative polyacrylamide electrophoresis 
did not seem useful for preparation of large quantities 
of purified CAF. 
By knowing that the 80,000 and 30,000-dalton bands in 
SDS-polyacrylamide gels were contributed by CAF, it was 
possible to use SDS-polyacrylamide gel electrophoresis as 
an assay for determining which column chromatographic frac­
tions should be pooled and carried on to the next purifi­
cation step. Use of this criterion indicated that fraction 
II from the second DEAE-cellulose column (Figure 17) con­
tained the highest proportion of the 80,000 and 30,000-
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dalton components and that the principal contaminant in 
fraction II was a 60,000-dalton component (Figure 18). 
That specific activity of CAF was also highest in fraction 
II from the second DEAE-cellulose column (Figure 17) con­
firmed the conclusion of the preparative polyacrylamide 
gel electrophoresis experiment that the 80,000 and 30,000-
dalton components were CAP. Column fractions containing 
only the 80,000, 60,000 and 30,000-dalton bands were pooled 
to 'form fraction II which then was carried to the final 
column chromatographic purification step. It might be 
noted that pH 7.^ -polyacrylamide gel electrophoresis of 
fractions I, II, III and IV from the second DEAE-cellulose 
column (Figure 19) did not identify the fractions contain­
ing the highest proportion of CAP as unambiguously as the 
SDS-polyacrylamide gels did. Although CAF (indicated by 
the arrow, Figure 19) is present in all fractions, ths 
ostensible comigration of several different proteins band­
ing immediately below CAP in these gels makes it difficult 
to assess the relative proportion of CAP in each of these 
fractions by using pH 7.5 gels alone. 
Although chromatography of the Sephadex G-=200-purified 
CAF fraction on a second DEAE-cellulose column produced only 
approximately a 1.2-fold increase in specific activity of 
CAF, this chromatographic purification almost completely 
removed several polypeptide chains having molecular weights 
1^3 
greater than 80,000 daltons and also greatly diminished 
the proportion of a 65,000-dalton polypeptide chain in 
CAP preparations. Chromatography on a second DEAE-cel­
lulose column concentrates three polypeptide chains with 
molecular weights in the 100,000 dalton range in fraction 
I and segregates a major contaminant with a molecular 
weight near 95",000 daltons into fraction III (Figure 18). 
Because the CAF molecule contains two different subunits 
ifith molecular weights of 80,000 and 30,000 daltons each, 
the minimal molecular weight of the CAP molecule is 110,000 
daltons (as will be shown later, this is the actual molecu­
lar weight of the CAP molecule). It clearly would be very 
difficult to remove polypeptides having molecular weights 
near 100,000 daltons from a CAP molecule having a molecular 
weight of 110,000 daltons by using gel permeation chroma­
tography. use of the second DEAS-csllulcss column, however, 
produces a CAP fraction that contains only a 60,000-dalton 
polypeptide in addition to the 110,000-dalton CAP molecule. 
It seemed likely that careful gel permeation column 
chromatography would be able to separate this 60,000-dalton 
material from the 110,000-dalton GAP molecule. Because the 
60,000-dalton material migrates faster than CAP on pH 7.5-
polyacrylamide gel electrophoresis and because its coelution 
with CAP from DEAE-cellulose indicates that it has a net 
charge very similar to CAP, it seems unlikely that the 
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60,000-dalton material is a 120,000-dalton dimer in non-
denaturing solvents. 
The elution profile of CAF activity from the second 
DEAE-cellulose column (Figure 17) and the polyacrylamide 
gels in both SDS (Figure 18) and nondenaturing buffer 
(Figure 19) show that fractions I and III from the second 
DEAE-cellulose column (Figure 17) contain significant 
amounts of CAF. Because of this, total CAF activity re­
covered in fraction II (Figure 17) is only approximately 
39^  of the activity applied to the column (Table 1). Al­
though a significant amount of total CAF activity is lost 
at this step, ability of the second DEAE-cellulose column 
to yield a CAF fraction free of the specific contaminants 
described in the preceding paragraph greatly facilitates 
final purification of CAF. Consequently, the significant 
loss of total CAF activity during chromatography on the 
second DEAE-cellulose column was accepted. 
Because of the reasons described in the preceding 
paragraphs, careful chromatography of fraction II from the 
second DEAE-cellulose column on a Sephadex G-150 gel per­
meation column was used as the final step in purification 
of CAP. The protein in fraction II from the second DEAE-
cellulose column was salted out between 0 and ammonium 
sulfate saturation, was dialyzed overnight against 1 mM 
KHCO^ , 5 mM MCE, 5 mM EDTA, was clarified at 105,000 x 
1^5 
for 1.0 hr, and was loaded onto a 1.6 x 80 om Sephadex 
G-I50 column. The column buffer was 20 mM Tris-acetate, 
pH 7.5; 1 mM EDTA, 1 mM NaN^ . Protein eluted from this 
column as a fairly symmetrical peak (Figure 21), but CAF 
specific activity was higher in the front part of the peak 
(fractions I and II in Figure 21) than in the back part of 
the peak (fractions III, IV and V in Figure 21). SDS-
polyacrylamide gels of the protein in the Sephadex G-l^ O 
fractions indicated in Figure 21 show.that fractions I and 
II contain almost exclusively the 80,000 and SOjOOO-dalton 
polypeptides that constitute CAF (Figure 22). Fractions 
III, IV and V contain increasing proportions of the 60,000-
dalton material and decreasing proportions of CAF until 
in fraction V the 60,000-dalton component is the predom­
inant species (Figure 22). Polyacrylamide gels done at pH 
7.5 show that CAF is the only major species in fractions I 
and II (Figure 23) and that fractions III, IV and V show 
increasing contamination with a more rapidly migrating 
species and decreasing CAF content. 
It is clear from the elution profiles shown in Figure 
17 (second DEAE-cellulose column) and 21 (Sephadex G-l^ O 
column) and from the polyacrylamide gels of fractions 
eluted from these columns that it is very difficult to 
remove the 60,000-dalton material from the 110,000-dalton 
CAF molecule. CAF and the 60,000-dalton material must have 
Figure 21. Elution profile of the most active CAF fraction from the 
second DEAE-cellulose column (Fr. II, Figure 17) from a 1.6 
:c 80 cm Sephadex G-ljO column 
A total of 15" mg; of the most active CAF fraction from the 
second D:EAE-cellulose column (Fr. II, Figure 14) in 1.5 mis 
was loaded onto the column. Ascending elution with 20 mM 
Iris-acetate g pH 7.5» 1 mM EDTA, 1 mil NaN^ , was used. Flow 
rate was 6 ml/hj' and 3 ml fractions were collected. All 
fractions contained Z-disk-remcving activity. The dotted 
line represents Ca2+-activated proteolytic activity de-
teritnined by using casein as a substrate. Tubes in fractions 
indicated by the dashed lines were pooled and were subjected 
to polyacrylamide gel electrophoresis both in SDS and in non-
denaturing mediiam (Figures 21 and 22, respectively). In both 
kinds of electrophoresis fractions I and II appeared to con­
tain only CAF, and these two fractions were combined and 
were called purified CAP. 
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Figure 22. Seven and one-half percent SDS-polyacrylamide 
gels of the most active CAF fraction from the 
second DjEAE-cellulose column (Fr. II, Figure 
17) and of the fractions separated by Sephadex 
G-I50 chromatography of the most active CAF 
fraction from the second DEAB-cellulose col­
umn (Figure 21) 
Fr. I, Fr. II, Fr. Ill, Fr. IV and Fr. V refer 
to the fractions designated in the elution 
profile of the second DEAE-cellulose-purified CAF 
fraction from a Sephadex G-l^ O column (Figure 21). 
Fractions I and II contain no major bands 
other than the bands at 80,000 and 30,000 
daltons that are contributed by CAF. Fractions 
I and II were therefore pooled to form the pur­
ified CAP fraction. All gels were loaded with 
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Figure 23• Seven and one-half percent polyacrylamide gels 
of Pq-I+O crude CAF, of the most active CAF frac­
tion from the second DEAE-cellulose column 
(Fr. II, Figure 17) and of the fractions sep­
arated by Sephadex G-150 chromatography of the 
most active CAF fraction from the second DEAE-
cellulose column (Figure 21) 
All gels were run at pH 7.5 in a nondenaturing 
buffer FT. I, Fr. II. Fr. Ill, Fr. IV and Fr. 
V refer to the fractions designated in the 
elution profile of the second DEAS-cellulose-
purified CAP fraction from a Sephadex G-150 
column (Figure 21). Fractions I and II contain 
no major bands other than the band corresponding 
to CAF (indicated by the arrow) and therefore, 
Fr. I and Fr. II were pooled to form the puri­
fied CAF fraction. All gels were loaded with 
20 jig protein per gel. 
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very nearly the same net charge at pH 7.5 because they 
virtually coelute off DEAE-cellulose under conditions 
where it has been possible to separate a-actinin molecules 
differing by only 7 aspartic acid residues out of 1000 
total residues (Suzuki et al., 1973). It is surprising 
that the 60,000-dalton material and the 110,000-dalton CAP 
molecule elute so closely off gel permeation columns. It 
is known from measurements to be reported subsequently in 
this thesis that CAF is slightly asymmetric. It is possible 
that the 60,000-dalton material is actually a spherical 
120,000-dalton molecule in nondenaturing solvents and that 
only the slight asymmetry of the CAF molecule causes CAF 
to elute ahead of the 60,000-dalton material from gel permea­
tion columns. On the other hand, the 60,000-dalton material 
may be 60,000 daltons in nondenaturing solvents as well as 
in denaturing solvents, but it may be so asymmetric that 
it elutes considerably earlier than would be expected from 
gel permeation columns. Which ever of these two possible 
alternatives is the correct one, it is clear that, although 
the Sephadex G-l^ O chromatographic step shown in Figure 21 
does not clearly separate the 60,000-dalton material from 
CAF, it gives probably the best separation that can be ac­
complished by gel permeation chromatography of two such 
similar species. 
A summary of the polyacrylamide gels, both in SDS and 
in a nondenaturing pH 7.5 buffer, of the active CAF frac­
tions obtained from each of the five chromatographic pro­
cedures just described for purification of CAP is shown in 
Figure 2^ - and 25- It is obvious from both these sets of 
polyacrylamide gels that the five chromatographic procedures 
effected a substantial purification of CAF from the pQj^ g 
crude CAF fraction. It is impossible to discern the 80,000 
and 30,000-dalton polypeptides of the CAF molecule in SDS-
polyacrylamide gels of the Pgj^ Q crude CAF fraction (Figure 
2^ +). It is not until after the first DEAE-cellulose chroma­
tographic purification that these two polypeptides can be 
clearly distinguished; and even then, they do not consti­
tute the majority of the protein in the fraction (Figure 
2k-). Similarly, the protein band corresponding to CAF is 
barely distinguishable in pH 7.5-polyacrylamide gels of the 
?0-L^ o crude CAF fraction (Figure 25) and it is .not until 
after the first DEAE-cellulose chromatographic purification 
that the protein band corresponding to CAP becomes clearly 
evident. The two polyacrylamide gel summaries shown in 
Figure 24- and 25 demonstrate the efficacy of the first 
DEAE-cellulose column in purification of GAP and also il­
lustrate how purification procedures after the first DEAE-
cellulose column remove specific contaminating proteins 
until only an 80,000 and 30,000-dalton component remain in 
SDS-polyacrylamide gels and only a single major protein 
Figure 2^ . Seven and one-half percent SDS-polyacrylamide 
gels of the active CAP fractions obtained dur­
ing purification of OAF 
Beginning with the Po-ifO crude CAP fraction, 
the type of column chromatography used to 
produce each fraction is given above the gel 
of the active CAP fraction from that procedure. 









Figure 25» Seven and one-half percent polyacrylamide gels 
of the active fractions obtained during purifi­
cation of CAF 
All gels were run at pH 7.5 in a nondenaturing 
buffer. Beginning with the Pq-^ O crude CAF 
fraction, the type of column chromatography 
used to produce each fraction is given above 
the gel of the active CAF fraction produced 
by that procedure. Each gel was loaded with 








band-remains in pH 7.^ -polyacrylamide gels done in non-
denaturing buffer. Throughout the rest of this study, 
Sephadex G-l50-purified CAF will be referred to simply 
as purified CAF. 
Polyacrylamide gels of purified CAF in nondenaturing, 
pH 7.5-buffer (gel a, Figure 26) and in SDS (gel b, Figure 
26) show that purified CAF contains very little contaminat­
ing protein even when heavy protein loads are applied to 
the polyacrylamide gels. A very faint band migrating 
slightly more rapidly than CAF is sometimes observed in 
polyacrylamide gels of purified CAF run in nondenaturing 
buffer (gel a, Figure 26). Minor protein banUs at approx­
imately 60.000 and 20,000 daltons are sometimes observed 
in SDS-polyacrylamide gels of purified CAF (gel b, Figure 
26). A densitometer scan of gel b in Figure 26 indicates 
that the 80,000 and 30,000-dalton subunits make up approx­
imately 85» to 90^  of the protein in purified CAF (Figure 
27). As pointed out in the Materials and Methods, at least 
two criteria must be met before the area under the peaks in 
a densitometer scan can be considered directly proportional 
to concentration of the protein in the gel being scanned: 
1) all proteins in the gel must bind dye to the same extent; 
and 2) Beer's Law must be applicable. Because Beer's Law 
should be inapplicable only when bands of high protein,con­
centration and hence high absorbance at 550 nm are scanned, 
Figure 26. Seven and one-half percent polyacrylamlde gels 
of purified CAP in nondenaturing buffer (gel a) 
and in SDS (gel b) 
20 jj,g of purified CAP protein was loaded onto 
each gel. 
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Figure 27. Densitometer scan of a seven and one-half percent SDS-
polyacrylamide gel of purified CAF (gel b, Figure 26) 
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any violation of Beer's Law would result in erroneously 
low absorbance readings for the dense CAF bands as com­
pared with the less dense bands of the contaminants. Thus, 
any errors incurred due to the nonlinear relationship of 
absorbance of a given band at 550 nm and amount of protein 
in that band would decrease the observed percentage of CAF 
in the preparation relative to the amount of contaminant. 
Possible errors due to failure to meet the first of the two 
criteria are more difficult to estimate quantitatively. 
It is very difficult to determine whether CAF and the con­
taminating species in the minor bands in gel b of Figure 26 
bind dye equally well without isolating each of the con­
taminants and assaying their ability to bind Coomassie blue. 
Studies done thus far indicate that most proteins do not 
differ by more than 20^  in their ability to bind Coomassie 
blue and it seems likely that the estimate of CAF purity 
based on the scan shown in Figure 27 is not in error by 
more than a few percent. 
The preparative polyacrylamide gel electrophoresis 
experiment (Figure 20) described previously and the fact 
that highly purified preparations of CAF exhibit a single 
protein band in polyacrylamide gels run in pH 7.5 nonde-
naturing buffer but exhibit protein bands of 80,000 and 
30,000-daltons in SDS-polyacrylamide gels (Figure 26) is 
strong evidence that the CAF molecule is composed of at 
16^-
least one 80,000 and one 30,000-dalton subunit. 
By comparing areas of the 80,000-dalton and 30j000-
dalton peaks on densitometer scans of SDS-polyacrylamide 
gels of purified CAP, it was determined, after making the 
appropriate corrections for differences in molecular weight, 
that the 80,000 and 30,000-dalton subunits are present in 
approximately equimolar ratios in SDS-polyacrylamide gels 
of purified CAP. This result, however, is subject to the 
previously mentioned limitations on use of densitometer 
scans of an SDS-polyacrylamide gel as an indication of the 
amount of protein in specific protein bands of that gel. 
Hence, this result should be regarded as tentative until 
the molecular weight of CAF is determined in a nondenaturing 
solvent system. By knowing the molecular weight of unde-
natured CAF, it should be possible to deduce the stoichi-
ometry of the 80,000 and 30,000-dalton subunits in the intact 
molecule. 
Efforts to purify the factor or factors responsible 
?+ for the Ca -activated Z-disk-removing ability of the crude 
protein fraction isolated by Busch et al. (1972) have, 
therefore- produced a nearly homogeneous protein (CAP) that 
possesses Ca^ "^ -activated Z-disk-removing activity and Ca^ -^
activated proteolytic activity against both casein and 
myofibrils. Because no column fractions, other than those 
containing CAP, possessed significant Ca^ "*"-activated Z-disk-
165 
2+ 
removing activity or Ca -activated proteolytic activity 
against casein or myofibrils, it is almost certain that 
both the Ca^ -^activated proteolytic activity and the Ca^ -^
activated Z-disk-removing ability of Busch's crude protein 
preparation originate from one enzyme, CAP. 
Table 1 summarizes yields of total protein, specific 
OAF activity and total CAF activity as determined by using 
the casein assay, and percentage recovery of CAP activity 
at each step in the procedure used to purify CAP. Because 
CAP constitutes an extremely small percentage of the total 
muscle homogenate and of the pH 6.2 supernatant (see Fig­
ure 6), it was very difficult to assay these fractions for 
CAP activity. In addition, EDTA blanks of these fractions 
gave abnormally high absorbance readings, possibly because 
of the presence of cathepsins with some residual proteolytic 
activity at pH 7.5* It was, therefore, impossible to de­
termine accurately how much, if any, of the observed 
2+ 
proteolytic activity in these fractions was Ca -activated. 
Por these reasons, no attempt was made to quantitate CAP in 
the muscle homogenate or in the pH 6.2 supernatant. No 
significant CAP activity could be detected in either the 
pH 6.2 precipitate or the pH 4-.9 supernatant, so no signif­
icant CAF activity is evidently lost in these steps. There­
fore, an estimate of the degree of purification due to the 
two isoelectric precipitation steps was made by determining 
Table 1. Summary of total protein yielcls, specific CAF activity, total CAF activ 
ity, and percentage recovery of CAF activity at each step in purifica­
tion of CAF& 







Extract 684,000 — —  — — 100^  
pH 6.2 supernatant 643,500 —  —  •  100^  
pH 4.9 supermtant 7.,332 0.55 4033 100^  
Pq_)+q crude C/aF 3,998 0.7? 2998 74^  
6% agarose lj73f 1.65 2863 71^  
DEAE-cellulose 174 12.9 2767 69^  
Sephadex G-200 45.9 $8 2662 66^  
Second DEAE-cellulose 15.0 69 1035 26^  
Sephadex G-1?0 5.0 105 ?25 13^  
F^igures sire for a typical CAF pui.'ification starting with 12,000 grams of 
porcine skeletal muscle, fresh weight. 
S^pecific CAF activity is expressed as absorbance units at 278 nm per mg of 
protein and is measured in the casein assay. 
l^otal CAP activity is total absorbance units at 278 nm. 
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the decrease in total protein occurring in these two steps 
and assuming that this decrease in total protein is pro­
portional to the increase in CAF specific activity. Using 
this approximation, approximately a 90-fold purification of 
CAF is achieved in the two isoelectric precipitation steps 
(Table 1). The pH ^ .9 precipitate has a specific CAF activ­
ity of 0.55 absorbance units/mg enzyme protein in the casein 
assay. Column chromatographic purification of CAF through 
the sequence of five columns described in the preceding 
paragraphs produces an additional 190-fold increase in CAF 
specific activity. Hence, specific activity of CAF as 
measured in the casein assay increases approximately 17,000-
fold during the purification procedure developed in this 
study (Table 1). This large increase in specific activity 
of CAF during purification indicates that CAP constitutes 
only a very small proportion ox the original muscle hcmog-
enate. If it is assumed that the increase in specific 
activity of CAF during purification accurately reflects 
muscle content of CAF and is not influenced by the presence 
of inhibitors or activators in the initial crude CAF prep­
arations. then it can be calculated that 12,000 g of muscle, 
fresh weight,(20# protein and 30# of this is sarcoplasmic 
protein extracted by 4 mM EDTA) contains 
(12,000)(0^ 20)(0.30) ^  1^ 2 mg of CAF 
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or approximately 3*? H^ g CAF per gram of muscle. 
It is also evident from Table 1 that very little CAP 
activity is lost during the first three column chromato­
graphic purifications. These chromatographic steps pro­
duce a 75-fold increase in CAP specific activity. Con­
siderable CAF activity is lost during the final two chromato­
graphic procedures (Table 1) where, as described previously, 
it was necessary to make very specific selections to remove 
specific contaminating proteins from the CAF preparations. 
Although these last two chromatographic purifications are 
necessary to produce a purified preparation of CAF, if any 
improvements were to be made in the purification procedure 
developed in this study, it would seem that they could best 
be made in these last two steps. 
B. Studies on the Physical and Chemical 
Properties of Purified CAP 
Availability of purified CAP préparations made it pos­
sible to determine some of the chemical and physical prop­
erties of the CAP molecule. Although some catalytic prop­
erties of CAP have been determined by using the PQ_LQ crude 
CAP preparation (Busch et al., 1972; Suzuki and Goll, 1974), 
the extreme heterogeneity of this preparation made it impos­
sible to be certain that contaminating proteins were not 
interfering with CAP activity. Therefore, these catalytic 
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properties were reexamined using purified CAF preparations. 
Busch et al. (1972) reported that Z-disk-removing 
ability and proteolytic activity of the Pq-I+O OAF 
fraction required at least 0.1 mM Ca^ .^ Studies with pur-
pi 
ified CAP (Figure 28) show that optimum Ca concentration 
for CAF hydrolysis of myofibrils is 1.0 mM. In accord with 
the results of Busch et al. (1972), the present study also 
shows that at least 0.1 mM Ca is required to activate CAF 
pi 
hydrolysis of myofibrils. Ca concentrations of 10 mM are 
slightly inhibitory, although the reason for this inhibition 
2+ is unclear. To insure that Ca was actually involved in 
activating CAF and not in changing conformation of myo­
fibrils so that this substrate was more susceptible to 
2+ hydrolysis by CAF, similar Ca -requirement studies were 
done using casein as the substrate for CAF proteolytic 
P«4-
activity. If Ca~ affects the substrate, it would seem 
2+ 
very unlikely that this effect would occur at the same Ca 
concentration for two dissimilar substrates such as casein 
and myofibrils. If, on the other hand, Ca^ "^  affects the 
CAP molecule itself, the plot of CAF activity vs. Ca^ ' 
concentration should have the same shape regardless of the 
substrate used. It was found that optimum Ca concentration 
for CAF activity against casein was also 1 mM. This sug­
gests that the effect of Ca^ "^  is directly on the CAF mole-
g I 
cule and not on the substrate. Ca concentration of the 
Figure 28. 
p t 
Effect of Ca concentration on rate of release of soluble 
peptides from myofibrils by CAP 
Assay conditions : 5*0 m,g myofibrils were incubated in 2.0 
ml of 100 mM KCl, 100 mM Tris-acetate, pH 7.$, 10 mM 
MCE, 0.1 mM EDTA, 20 jxg CAP for 30 min at 25°C with 
the amount of Ca2+-indicated. Reaction was stopped 
by adding ÏIDTA and undegraded myofibrils were sedimented 
at 100,000 X 30 min. Material soluble in 100 
mM KCl was determined by measuring absorbance of the 
supernatani; at 278 nm. 
0 . 6  
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supernatants left after the. unhydrolyzed casein or myo­
fibrils had been sedimented was assayed by using atomic 
2+ 
absorption spectrophotometry to insure that the Ca added 
to these assays had not been bound by the substrates. These 
2+ 
measurements showed that the Ca concentration in the 
2+ 
supernatant was the same as the Ca concentration that had 
been added to the assay. Consequently, the results in Fig-
p t 
ure 28 are not confounded by Ca binding by the substrate. 
The pH optimum for CAF activity as determined by using 
the quantitative myofibril assay was near pH 7.5 (Figure 29). 
Significant CAF activity existed between pH 6.0 and pH 8.0 
but CAF activity decreased rapidly below pH 6 or above pH 8 
(Figure 29). The effect of pH on CAF activity is completely 
different from that observed for lysosomal proteases, and it 
is, therefore, very unlikely that CAF originates from lyso-
somesc In addition^  P.eville and Zeece^  have shoi*jn by dif­
ferential centrifugation studies that CAP is not sedimented 
with cathepsins or other lysosomal enzymes. Because pH 
optimum of CAF activity is in the pH range found in the 
cytoplasm of a normally functioning muscle cell, CAF, unlike 
all known cathepsinsj would not be inhibited by pH in 
Seville, W. R. and M. Zeece. Iowa State University, 
Ames, Iowa. Private communication. 197?. 
Figure 29. Effect of pH on rate of release of soluble peptides from 
myofibrils by CAF' 
Assay conditions; 5-0 mg myofibrils were incubated in 2.0 
ml of 100 mM KCl, 100 mM Tris-acetate, at pH indicated, 
10 mM MCE, 5; mM CaClg, 0.1 mM EDTA, 10 jag CAP for 30 
min at 25°C. Reaction was stopped by adding EDTA and 
undegraded myofibrils were sedimented at 100,000 x £max 
for 30 min. Material soluble in 100 mM KCl was de­
termined by measuring absorbance of the supernatant 


















healthy, living cells. 
g , 
In addition to Ca , CAF requires a reducing agent to 
function at maximum efficiency. Purified CAF dialyzed 
against 1 mM KHCO^ , ? mM EDTA loses of its proteolytic 
activity after 2^  hr. This loss of activity is reversible, 
however, and full activity can be returned by adding a re­
ducing agent such as MCE to the enzyme. CAF requires ap­
proximately 2 mM MCE for optimum activity (Figure 30), and 
it is not inhibited by additional amounts of MCE up to 1? mM 
(Figure 30). Because CAF has some tendency to aggregate, 
presumably by forming disulfide bonds, in the absence of 
reducing agents, it was kept in 5 mM MCE whenever possible. 
The dependence of CAF proteolytic activity on reducing 
agents suggests that cysteine side chains are involved, 
either at the active site of the enzyme or in maintaining 
the proper conformation of the molecule. Incubation of 9^ 0 
X 10"^  M CAF with 10 mM iodoacetate at pH 7.0 and 0°C for 
10 min prior to assaying in the casein assay completely 
inhibits proteolysis of casein by CAF, even though MCE con­
centration in the casein assay was 100 times greater than 
the concentration of iodoacetate added to the assay. Hence, 
iodoacetate irreversibly Inhibits CAF under relatively mild 
conditions where reaction of iodoacetate with proteins is 
limited primarily to cysteine side chains. Several well-
characterized proteases, such as papain are also rapidly 
Figure 30. Effect of MCE concentration on rate of casein hydrolysis 
by CAF 
Assay conditions: 10 mg casein were incubated in 2.0 ml 
of 100 mM E;C1, 100 imM Tris-acetate, pH 7.5» 5 niM CaCl2, 
0.1 mM EDTA, 10 jig CAF for 30 min at 25°C with amount 
of MCE indicated. Reaction was stopped by adding TCA 
and undegraded casein was sedimented at 3000 rpm for 
20 min. Material soluble in 2.3% TCA was determined 
by measuring absorbance of the supernatant at 278 nm. 
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and irreversibly inactivated by iodoacetate. Detailed 
studies of papain, including determination of its tertiary 
structure by X-ray crystallography, have shown that the 
active site of papain contains a cysteine side-chain that 
is involved in catalysis of peptide bond hydrolysis. Be­
cause the stoichiometric amount of iodoacetate bound to the 
CAF molecule under the conditions used to inactivate 
proteolytic activity of CAF was not determined in the 
present study, however, it is not known unequivocally 
whether iodoacetate inhibits CAF by blocking one cysteine 
side-chain at the active site of CAF or whether iodoacetate 
reacts rapidly with several cysteine side-chains on the 
surface of the CAF molecule to alter the conformation of 
the molecule and thereby inhibit its proteolytic activity. 
Results of experiments that will be described subsequently 
show that trace amounts of heavy metals also inactivate OAF: 
this result favors, the idea that CAF has a sulfhydryl resi­
due at its active site. 
Increasing incubation temperature in the range of O^ C^ 
to 37.5°C increases the initial rate of hydrolysis of casein 
by CAF (Figure 31). CAF activity is quite labile at 37.5°C, 
however, and begins to decrease after 5 min of incubation. 
This decrease in activity is not due to exhaustion of the 
casein substrate by rapid hydrolysis at 37.5°C because 
optical density of the peptides released from casein after 
Figure 31. Effect of assay temperature on rate of casein hydrolysis 
by CAP 
Assay conditions: 10 mg casein were incubated in 2.0 ml 
of 100 mM KCl, 100 mM Tris-acetate, pH 7.5» 10 mM MCE, 
5 roM CaCl2, 0.1 mM EDTA for the indicated time and at 
the indicated temperature with 10 fxg OAF. Reaction 
was stopped by adding TCA, and undegraded casein was 
sedimented at 3000 rpm for 20 min. Material soluble 
in 2,5% ICA was determined by measuring absorbance of 
the superratant at 278 nm. 
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5 min at 37.?°C is only 0.11 (Figure 31) and because addi­
tion of more casein substrate after 5 min at 37.5°C does 
not result in any additional burst in release of soluble 
peptides. Incubation of CAF without substrate for 5 min 
at 37^ 0 in the presence of 1 mM Ca^ "^  followed by SDS-
polyacrylamide gel electrophoresis of the CAF showed that 
CAF very rapidly autolyses at 37°C in the presence of Ca^ "^ ; 
no peptide as large as 12,000 daltons could be detected 
after ^  min of incubation of CAF at 37°C in 1 mM Ca^ *. 
Consequently, the rapid decrease in CAF activity on casein 
at 37.^ C (Figure 31) is probably due to autolysis of the 
CAF molecule. CAF seems considerably more resistant to 
autolysis at 0°C or 25°C (Figure 31), and linear release 
of peptide material soluble in 2*% TCA occurs for over 0^ 
min at either 0°C or 2^ °C. Some autolysis of CAF occurs 
even at 25°C, however, and if incubations a.rs prolonged for 
12 hr, more soluble peptide material is released from casein 
at 0°C than at 2fc. 
PI 
Because Ca seems essential for maximum activity of 
CAF in all three assays of CAF activity used in this study, 
the effects of some other divalent cations on CAF activity 
were studied. Mn^ ''', Mg^ "*", Ba^ *, Co^ "^ , Ni^ "'" and Fe^  ^did not 
2+ 
activate CAF in the absence of Ca . In the presence of 1 
mM Ca^ ,^ the presence of 1 mM Mg^ "*", Mn^ "^  or Ba^ "*" had little 
or no effect on CAP activity (Table 2). Co^ "^ , Cu^ "*", Ni^ "^  
182 
p 1. 
Table 2. Effect of divalent cations on Ca -activated 


























Assay conditions: 10 mg casein were incubated in 2.0 
ml of 100 mM KCl, 100 mM Tris-acetate, pH 7.5, 10 mM MCE, 
1 mM CaClpj 0.1 mM EDTA, and 1 mM quantities of the divaxent 
cation indicated for 30 min at 25°C. Reaction was stopped 
by adding TCA and undegraded casein was sedimented at 3000 
rpm for 20 min. Material soluble 2.5^  TCA was determined 
by measuring absorbance of the supernatant at 278 nm. 
S^pecific activity of CAP in the presence of 1 mM CaClg 
was considered 100^  activation. 
and on the other hand, inhibited Ca?^ -activated CAP 
activity to various degress when present at 1 mM concentra­
tions (Table 2). The susceptibility of CAP to inhibition 
by heavy metals my explain why EDTA must be present to 
maintain CAF activity. It was discovered early in this 
study that if CAP-containing solutions were without EDTA 
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for more than 12 hr, CAF activity was irreversibly lost. 
This observation was originally interpreted to indicate 
2+ 
that EDTA was necessary to chelate trace amounts of Ca 
in the solution and prevent the rapid autolysis of the CAP 
molecule that was discussed previously. The studies on 
Ca^ "*"-requirement of CAP, however, revealed that at least 
0.1 mM Ca^ * is necessary to activate CAP. This Ca^ "*" con­
centration far exceeds that found in distilled water. Be­
cause CAP is inactivated by heavy metals, however, it is 
also possible that EDTA protects CAP activity by chelating 
these metals. As indicated previously, this ostensible 
ability of trace amounts of heavy metals to irreversibly 
inactivate CAP suggests that these heavy metals may cause 
alteration of a sulfhydryl group at the active site of CAP 
and supports the concept that CAP possesses a sulfhydryl 
group at its active site. 
The effects of a known protease inhibitor, soybean 
trypsin inhibitor, on CAP activity and the ability of CAF 
to hydrolyze several synthetic substrates was also assayed. 
Soybean trypsin inhibitor added to CAF assays at a 1:1 
weight ratio had no effect on ability of CAF to hydrolyze 
casein. Experiments with three synthetic substrates showed 
that CAF was unable to hydrolyze a-benzoyl-L-arginine ethyl 
ester (BABE, a substrate for trypsin and papain), p-
toluenesulphonyl-L-arginine methyl ester (TAME, a substrate 
18^ 
for trypsin and thrombin), and N-benzoyl-L-tyrosine ethyl 
ester (BTEE, a substrate for ohymotrypsin). These sub­
strates were chosen because they are hydrolyzed by several 
general proteases,known to have different active sites. 
Many other synthetic substrates are available and could be 
used in an effort to determine the specificity of CAP. 
Another, more direct approach to determine the specificity 
of CAF would be to use a small polypeptide, such as insulin, 
of known amino acid sequence and assay the end groups 
liberated by CAP. Because CAP is such a large molecule, 
it is also possible that dipeptides will not function as 
substrates for CAF. Cathepsin D, for example, seems un­
able to hydrolyze small peptides. 
The results described in the preceding paragraphs show 
O I 
that purified CAP requires 1 mM Ca , pH 7.and reducing 
agents for optimum activity ^  vitro^  With the exception 
P-U 
of the Ca concentration, all these conditions exist in 
the cytoplasm of muscle cells. The available evidence sug-
2+ 
gests that free intracellular Ca concentration in muscle 
cells does not exceed 10"^  M, which is two orders of magni­
tude less than that required for optimum GAP activity and 
which is also below the concentration where minimal CAF 
activity is observed. Therefore, it seems likely that Ca^ "*" 
is important in regulating proteolytic activity of CAP to 
prevent continuous and indiscriminate degradation of 
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intracellular muscle proteins; the importance of this con­
trol will he considered in the Discussion. 
In 1968, Huston and Krebs (1968) described purification 
Of.  
of a Ca -activated enzyme from rabbit skeletal muscle. 
This enzyme was originally thought to activate phosphorylase 
kinase and was thus called kinase-activating-factor (KAF). 
Huston and Krebs (1968) discovered KAF was a Ca^ -^activated 
proteolytic enzyme and that KAF activated phosphorylase 
kinase by proteolytically cleaving the kinase molecule. 
Because phosphorylase kinase activation ^  vivo is re­
versible, it seemed unlikely that physiological activation 
of this enzyme occurred by proteolytic cleavage with KAF. 
Therefore, it was concluded that KAF did not function 
physiologically to activate phosphorylase kinase, but no 
other function for the KAF enzyme was proposed. Comparison 
of the catalytic properties of the kinase-activating-factor 
with those of OAF purified in this study show that these two 
2+ 
enzymes have similar requirements for Ca , reducing agents, 
and EDTA, and that both are over 100,000 daltons in molecu­
lar weight. Dr. Donald Graves, Department of Biochemistry 
and Biophysics, Iowa Stats University, has assayed purified 
CAF and found that it activates prosphorylase kinase. Al­
though many proteases activate phosphorylase kinase (Huston 
and Krebs, 1968), the many other similarities between CAF 
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and the klnase-actlvating-factor coupled with the fact that 
CAP activates the kinase enzyme make it almost certain that 
CAF is the kinase-acti va ting-factor isolated by Huston and 
Krehs (1968). 
Attempts were made to duplicate the procedure developed 
by Huston and Krebs (1968) for purifying the kinase-activat-
ing-factor to determine whether activities measured by as­
says of Z-disk-removing ability, and casein and myofibrillar 
protein degradation used in the present study to monitor pur­
ification of CAF would copurify with the kinase-activating-
factor. These activities did copurify with the kinase-
acti va ting-f actor and OAF and the klnase-actlvating-factor 
are, therefore, one and the same enzyme. The purification 
procedure of Huston and Krebs (1968), however, did not 
produce a homogeneous protein as indicated by polyacrylamide 
gel electrophoresis in either SDS or ncndenaturing buffer 
at pH 7.5 (Figure 32). Moreover, specific activity of the 
kinase=activating-factor obtained by using Huston and Krebs' 
procedure (1968) was only 10-1^  ^as high as the specific 
activity obtained with purified CAF in either the casein or 
quantitative myofibril assays. Furthermore, based on . 
densitometer scans of their purified preparations, Huston 
and Krebs (1968) found that only 60 to 80^  of the protein 
in their kinase-activating-factor preparations was actually 
KAF, whereas densitometer scans of CAP preparations purified 
Figure 32. Seven and one-half percent polyacrylamide gels 
in SDS and in pH 7.5 nondenaturing buffer of 
kinase-activating-factor purified according to 
the procedure of Huston and Krebs (1968) 
Heterogeneity of the kinase-activating factor 
preparation is indicated by the presence of 
numerous protein bands in polyacrylamide gel 
electrophoresis in either SDS or pH 7.5 non-
denaturing buffer. The 80,000 and 30,000-dal-
ton polypeptide chains present in the SDS-
polyacrylamide gel of the kinase-activating-
factor preparation correspond to the 80-000 and 
30,000-dalton subunits of CAF (Figure 26, gel 
b). The most rapidly migrating of the three 
heavy bands appearing in the polyacrylamide 
gel of kinase-activating-factor in pH 7.5 non-
denaturing buffer occurs in the region of the 
gel in which purified CAF bands under identical 
electrophoretic conditions. The presence of 
bands migrating at the same rate as purified 
CAF in polyacrylamide gels run in either SDS 
or nondenaturing pH 7.5 buffer indicates that 
kinase-activating factor is identical to CAF, 
although the kinase-activating-factor prepara­
tion is not nearly as homogeneous as CAF prep­
arations made by the procedure described in this 
thesis, 25 ,ug of protein was applied to each 
gel. 
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by the procedure developed in the present study show that 
85-90# of the protein in purified CAP preparations is 
actually CAP. Based on these measures of purity, on the 
low specific activity of kinase-activating-factor prepared 
in the present study in the casein and quantitative myo­
fibril assays, and on heterogeneity of the kinase-activat-
ing-factor preparations made in the present study in poly-
acrylamide gel electrophoresis, it seems that the CAP pur­
ification procedure described in the present study results 
in a significantly more homogeneous protein preparation 
than the purification procedure reported by Huston and 
Krebs (1968) does. 
Because homogeneous protein preparations are required 
for most physicochemical measurements of molecular parameters 
of protein molecules, very little was known about the physi­
cal and chemical properties of the CAP molecule before this 
study. The amino acid composition of purified CAP (Table 3) 
shows that CAP contains relatively small amounts of lysine, 
arginine, and histidine in relation to the amount of aspartic 
acid and glutamic acid that it contains. This combination 
imparts a relatively high net negative charge to the mole­
cule and accounts for the late elution of CAP from DEAE-
cellulose (230 mM KCl) and the relatively rapid migration of 
CAP (for a molecule of its size) in polyacrylamide gel 
electrophoresis in nondenaturing buffers at pH 7.?. CAP 
Table 3» Comparison of the amino acid composition of purified CAP with the amino 
acid composition of some selected myofibrillar and sarcoplasmic proteins 
Residues of amino acid per 1000 residues 
Amino CAF a»Actinin^  l^ rosin^  Phosphor ylas e^  Glycer aldehyde^  Aldolase® 
acid 3-phosphate 
dehydrogenase 
Lys 48dA..2^  56 85 62 78 73 
His 15±0.6 24- 15 29 33 30 
Arg 33*1.7 66 41 81 30 39 
Asp 7^ ±2.0 117 85 115 114- 84. 
Ihr 4-1+0.9 47 hi 4-0 66 55 
F^rom Suzuki et al. (1973). 
P^rom Kondna et al. (195®+)" 
°Prom Appleman et al. (1963). 
F^rom Dayhoff (1972). 
®]?rom Lat (1968). 
f Means plus or minus standard error for three separate analysis done on dif­
ferent CAF preparations. 
Table 3 (Continued) 
Residues of amino acid per 1000 residues 
Amino CAP a-Actinin^  Myosin^  Phosphorylase® Glyceraldehyde^  Aldolase® 
acid 3-phosphate 
dehydrogenase 
Ser 76Ï2.2 50 hi 30 57 52 
Glu 103+3.0 168 155 11^  54 121 
Pro 32±0.9 36 22 3^ 36 52 
Gly 105*2.0 56 39 57 96 86 
Ala 60±2.lf 92 78 75 96 121 
Val 28±1.0 35 2^ 73 102 59 
Met 21+2.2 27 22 26 27 8 
lie 33±1.8 3^ 4-2 59 63 52 
Leu 59±2.2 95 79 96 54 96 
Tyr 9±2.3 2h 18 43 27 32 
Phe 30+0.6 30 27 47 43 21 
Cysteic 
acid 21+2.2 12 9 11 12 21 
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also contains relatively large amounts of serine and glycine 
and relatively small amounts of leucine, valine, and 
tyrosine. Although cysteine side chains are important to 
the proteolytic activity of CAF, the cysteine content in 
CAP is not remarkable. The amino acid analysis of CAP is 
different from that of several other proteases such as 
cathepsin D (Keilova', 1971), prothrombin (Walz et al., 197^ ), 
human and bovine clotting Factor VIII (Legaz et al., 1973), 
clotting Factor X (Jackson, 1972), and two recently isolated 
neutral proteases from human granulocytes (Ohlsson and 
Olsson, 1973) for which the amino acid composition is known. 
Gel permeation chromatography on calibrated columns is 
established as a method for determining the Stokes' radius 
of protein molecules (Ackers, 196^ ). A 1.5 x 80 cm Sephadex 
G-150 column was calibrated by determining the elution vol­
umes of proteins of known Stokes' radii and the elation 
volume of CAF from this column was then determined (Figure 
33). Figure 33 shows that a nearly linear relationship 
exists between the logarithm of the Stokes' radius of a 
given protein and the elution volume of that protein from 
the Sephadex G-l^ O column. CAP elates from this calibrated 
column just slightly after aldolase. The Stokes' radius 
of CAP is thus approximately ^ 3 &. Because elution volume 
of a protein from gel permeation columns is theoretically 
proportional to Stokes' radius of the protein, the 
Figure 33. Molecular radius of CAP determined by using gel 
filtration 
Conditions s A 1.5 80 cm Sephadex G-15"0 col­
umn in 20 mM Tris-acetate, pH 7.5, 1 mM 
NaHo, 1 mM EDTA was used. The column was 
calibrated by measuring the elution volume 
of aldolase, ovalbumin, chymotrypsinogen A 
and ribonuclease A (Ackersg 1964) from 
the column. A total of 10 mg of each of 
these purified proteins and of purified 
CAP was loaded. Flow rate = 5 ml/hr. 
Elution volume of CAP from the calibrated 
column indicates that the molecular radius 
of CAS' is approximately 4-3 a. 
2 . 0  -
1 . 0  
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molecular weight of a protein can be calculated from the 
protein's elution volume from a calibrated gel permeation 
column if the shape of the protein molecule is known. In 
practice molecular weights can be calculated from cali­
brated gel permeation columns only for perfectly spherical 
molecules, whose elution volume to molecular weight ratio 
is larger than for any other molecular shape. Because CAF 
elutes very close to aldolase, a spherical molecule which 
has a molecular weight of 148,000 daltons, CAF must have a 
molecular weight of approximately 1^ +0,000 daltons if it is 
perfectly spherical, or less if the CAF molecule is slightly 
asymmetrical. Hence, the CAF molecule cannot contain two 
of the 80,000-dalton subunits observed on SDS-polyacrylamide 
gel electrophoresis. 
Analytical ultracentrifugation shows that purified CAF 
sediments as a single symmetrical peak with a very slight 
trailing edge (Figure 3^ -). Figure 3^  also shows a compari­
son of the most active CAF fraction from the second DEAE-
cellulose column and purified CAF obtained after Sephadex 
G-l^ O chromatography. The DEAE-fraction contains a large 
amount of slowly sedimenting material which is almost com­
pletely removed by Sephadex G-l^ O chromatography. Pre­
sumably, this slowly sedimenting material in the second 
DEAE-cellulose fraction is composed of the 60,000-dalton 
material seen in SDS-polyacrylamide gels. The sedimentation 
Figure 34. Sedimentation patterns of purified CAP and of the most active 
CAE' fraction from the second DEAE-cellulose column 
Conditions: The indicated CAF samples at the indicated con­
centrations were sedimented in 100 mM KCl, 20 mM Tris-
acetate, pH 7.5, ^  mM EDTA, 10 mM MCE. Temperature = 
20,0 C. Phase plate angle = 70°. 
Sepihadex 6-ir>0«Fur1f1ed CAF 
3.0 iig/ml 
OEAE-Ce 11 u I lOLiie- Fur i f I ed CAF 
3 .0 mg/#ll 
Sephadex 6-1!50«l>ur1lf1ed CAf 
4.0 mg/ml 
MINUTES AFTER REACHING 60,000 RPM 
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coefficient of CAF was determined by using both the second 
DEAE-cellulose active fraction and purified CAF because 
sedimentation coefficients of the principal CAF peak did 
not differ in these two fractions. Dependence of the 
sedimentation coefficient of CAF on protein concentration 
is shown in Figure 35* Extrapolating to the ideal condi­
tions of zero protein concentration in water at 20°C, the 
sedimentation coefficient of CAF is calculated to be 90S. 
As previously described, comparison of polyacrylamide 
gel electrophoresis of purified CAF in SDS and in nonds= 
naturing buffers at pH 7.? revealed that CAF contained non-
identical subunits having molecular weights of 80,000 and 
30,000 daltons. Densitometer scans of SDS-polyacrylamide 
gels indicated that these subunits were present in an 
equimolar ratio. It was not possible from the poly­
acrylamide gel electrophoresis data alone^  however, to 
determine whether the intact CAF molecule had the minimal 
molecular weight of 110,000 daltons, or had a molecular 
weight that was some multiple of 110,000 daltons. Elution 
of CAF from a calibrated gel permeation column showed that 
the maximum molecular weight of CAF, If it were a perfectly 
spherical molecule, was 1^ 0,000 daltons. Consequently, 
unless the densitometry scans of SDS-polyacrylamide gels 
of purified CAF were in error, and CAF really contained two 
30,000-dalton subunits to one 80,000-dalton subunit, 
Figure 35. Effect of concentration on sedimentation coefficient of CAF 
Conditions: All sedimentation velocity determinations were 
made by using the most active CAF fraction from the 
second DEAIS-cellulose column or by using purified CAF. 
Protein concentrations for individual experiments were 
as indicated. All determinations were made in 100 mM 
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it seemed that the molecular weight of the CAF molecule 
must be 110,000 daltons. Because quantitative densitometry 
of SDS-polyacrylamide gels is subject to the limitations 
described earlier in this thesis, it seemed desirable to 
have a direct determination of molecular weight of the in­
tact CAF molecule to confirm the conclusion reached indi­
rectly from polyacrylamide gel electrophoresis and gel 
permeation chromatography data. Therefore, molecular weight 
of purified CAF was determined in a nondenaturing buffer by 
using the meniscus-depletion sedimentation equilibrium method 
first suggested by Wales et al. (19^ 1) and later treated 
extensively by Yphantis (19640. In this procedure, the 
centrifuge is operated at a speed sufficiently high to 
sediment all macromolecular solute from the region of the 
cell near the meniscus. The interference fringe count 
through the cell then becomes a direct measure of the 
absolute concentration of solute at any position in the 
cell. This technique eliminates the necessity of a syn­
thetic boundary run to determine initial concentration in 
terms of fringe count. Interference optics are used almost 
exclusively In this procedure because the concentration re­
quired can be obtained directly and accurately by using 
this optical system. 
Only highly purified (Sephadex G-l^ O) CAF was used for 
sedimentation equilibrium studies of molecular weight. 
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Figure 36 shows a graph of logarithm of protein concentra­
tion (fringe displacement) plotted against square of the 
distance from the axis of rotation for a typical meniscus-
depletion sedimentation equilibrium run on purified GIF. 
Linearity of this plot indicates that CAF is homogeneous, 
and the slope of the line is proportional to the apparent 
molecular weight of the enzyme. To calculate the molecular 
weight of CAF from this data, the partial specific volume 
of CAP was calculated from the amino acid analysis of CAP 
(Table 3) by using the known partial specific volumes of the 
constituent amino acids. The partial specific volume cal­
culated for CAF by using this procedure was 0.716 cc/gm. 
Figm*® 37 shows the concentration dependence of the 
molecular weight of CAF determined at 18,000 and 20,000 
rpm by using the meniscus-depletion sedimentation equilib­
rium method. By extrapolating to zero concentration with 
a least squares plot, the molecular weight of undenatured 
CAP is calculated as 112,000 daltons. Consequently, direct 
determination of molecular weight of the undenatured CAF 
molecule by sedimentation equilibrium confirms the poly-
acrylamids gel electrophoresis and gel permeation chroma­
tography data and indicates that molecular weight of the 
intact CAF molecule is very close to 110,000 daltons. On 
the basis of this data, it is virtually certain that the 
CAF molecule contains one 80,000-dalton subunit and one 
Figure 36. Logarithm of protein concentration (fringe 
displacement, Y) plotted against the square of 
the distance from the axis of rotation (r2) 
for a typical meniscus-depletion sedimentation 
equilibrium run on purified CAF 
Linearity of this plot indicates homogeneity 
of the CAF preparation. Sedimentation equi­
librium was done in 100 mM KCl. 20 mM Tris-
acetate, pH 7.5? 10 mM MCE, 5 mM EDTA at 20,000 
rpm for 16-2^ - hr. 
20h 
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Figure 37. Effect of concentration on apparent molecular weight of CAF 
Conditions: Purified CAF was used for all molecular weight 
determinations. Determinations were made in 100 mM 
KCl, 20 mM Tris-acetate, pH 7.5» 10 mM MCE. 5 mM EDTA 
by using the meniscus-depletion sedimentation equi­
librium method at 18,000 or 20,000 rpm and at the 
protein concentrations indicated. 
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30,000-dalton subunit. However, whether these are subunits 
in the classical sense (i.e., one catalytic and one regu­
latory) remains to be determined. 
By knowing the molecular weight and sedimentation co­
efficient of the intact CAP molecule, it is possible to 
calculate the frictional coefficient of the CAP molecule 
by using the relationship, 
M(l - Vp.p) 
S = jjj— , 
where 
N = Avagodro's number, 
M = molecular weight, 
% = partial specific volume of CAF, 
p = solvent density and 
S = sedimentation coefficient. 
The frictional coefficient, f, obtained in this way, can 
then be used to calculate the Stokes' molecular radius. 
By making some assumptions concerning hydration and overall 
shape of the CAP molecule, this frictional coefficient can 
also be used to calculate dimensions of the CAP molecule. 
I'he Stokes' molecular radius of GAP oaloulated from the 
molecular weight and sedimentation coefficient is ^ 6 i and 
is in very good agreement with the Stokes' molecular radius 
of & determined experimentally by using gel permeation 
chromatography. The expression 
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1 
X = f 3M(-Va + av^ ) 
where 
M, f, N, are the same as defined earlier, 
f^  = frictional coefficient of a perfectly spherical 
molecule of the same mass, 
Ô = degree of hydration, 
v° = partial specific volume of the solvent and 
r\ = viscosity of the solvent can be used to calculate 
the axial ratio of CAP and the axial ratio can 
then be used to calculate dimensions of the CAF 
moleculei 
By assuming a 20# hydration (6 = 0.2) and a prolate ellip­
soid shape, CAP, has an axial ratio of 5-21. Dimensions of 
the CAP molecule calculated using these assumptions are 
0^ X 206 â. 
C. Studies on the Effect of CAP on 
Purified Muscle Proteins 
Buseh et al. (1972) previously demonstrated that incu-
2+ bating myofibrils with a crude preparation of a Ca =acti-
o 1 
vated sarcoplasmic factor for 2k hr in 10 mM Ca at pH 7.0 
and 25°C completely removed Z-disks. Identical myofibrils 
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incubated in 10 mM EDTA-containing solutions at pH 7.0 and 
for 2^  hr had intact Z-disks. The very heterogeneous 
nature of the crude Ca -activated sarcoplasmic factor (CASF) 
preparations, however, made it impractical to attempt de­
tailed studies of the effects of this fraction on individual 
purified myofibrillar proteins. For example, it was pos­
sible that crude CASF might consist of two or more pro­
teolytic enzymes, and studies of the effects of CASF on 
purified myofibrillar proteins would then be confounded by 
possible synergistic or duplicative effects of these sev­
eral enzymes present in crude CASF preparations. It was 
for this reason that the first objective of this study was 
to purify the enzyme or enzymes responsible for Z-disk re­
moval from crude CASF preparations. As shown in the results 
thus far, it has been found that all Z-disk-removing ability 
of CASF preparations is dus to a single Ca -activated 
proteolytic enzyme (CAF). lEhe procedure described in this 
study purifies this enzyme to near homogeneity. Therefore, 
it is possible to interpret the results of detailed studies 
of the effects of purified CAF on the individual purified 
myofibrillar proteins in a direct and meaningful way. 
Because CAF is a proteolytic enzyme that is active at 
physiological pH and temperature, and that is capable of 
partly degrading the ultrastructure of the myofibril, it 
seemed possible that CAF was involved in metabolic turnover 
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of myofibrillar proteins. It is necessary, however, that 
CAF be located within the muscle cell if CAF is to be in­
volved in metabolic turnover of intracellular muscle pro­
teins. Busch and coworkers (Biisch et al., 1972) showed that 
P+ 
muscle strips incubated in Ca -containing solutions com­
pletely lost their Z-disks within 9 hr of incubation. This 
finding suggested that the enzyme responsible for Z-disk 
2+ degradation was located within the muscle cell because Ca -
activated Z-disk removal occurred before any exogenous en­
zyme as large as CAF (112,000 daltons) could have passed 
through the saroolemma into the muscle cell. Subsequently, 
careful differential centrifugation studies of porcine 
skeletal muscle homogenates showed that, although catheptic 
enzyme activities are located in a lysosomal-like fraction 
from such homogenates, CAF activity is located in the 
supernatant fraction from these homogenates (Rsville and 
Zeece^ ). That catheptic activity could be located in a lyso-
some fraction in these homogenates eliminates the possibility 
that CAF activity was found in the supernatant only because 
lysosomes in the muscle homogenate had been ruptured during 
isolation. These results and the earlier results 
"Tleville, W» R» and M. Zeece. Iowa State University, 
Ames, Iowa. Private communication. 197^ . 
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2+ demonstrating that incubation of muscle strips in a Ca -
containing solution causes Z-disk removal before any-
exogenous enzymes could penetrate the cell membranes in 
these strips (Busch et al., 1972) indicate that CAP is lo­
cated in the sarooplasm of the muscle cell. Consequently, 
after a procedure had been devised for purifying CKF to 
near homogeneity and some properties of purified CAF had 
been determined, the next part of this study examined the 
effects of CAF on purified myofibrils and on the individual 
myofibrillar proteins, myosin, actin, tropomyosin,troponin, 
a-actinin, and C-protein in the hope of learning about the 
possible role of CAF in metabolic turnover of myofibrillar 
proteins. 
O-i-
Busch et al. (1972) found that the crude Ca -acti­
vated sarcoplasmic factor (i.e., a crude preparation of CAF) 
removed Z-disks without causing any other ultrastructurally 
detectable effects on the myofibril. In particular, Busch 
et al. (1972) noted that myofibrils in muscle strips incu­
bated in Ca^ "*"-containing solutions under conditions that 
caused Z-disk removal retained M-lines and thin filaments. 
The effect on myofibril ultrastructure of incubating small 
pieces of glycerinated muscle strips that had been cut into 
short segments with a razor blade in a 50 p,g/ml solution of 
purified CAF at 2^ C is shown in Figure 38. Purified 
Figure 38. Effect of purified CAF on ultrastructure of 
glycerinated rabbit psoas strips 
Rabbit psoas muscle strips were glycerinated 
according to Huxley (1963) and were stored in 
phosphate buffered glycerol at pH 7.0 and 
-200C until used. To facilitate diffusion of 
CAF into the glycerinated strips, these strips 
were diced into short pieces by using a razor 
blade and the short pieces were then placed 
into one of three different solutions for 20 
hr at 25°C. After 20 hr the pieces were re­
moved and were fixed and sectioned for electron 
microscope examination. This procedure per­
mitted orientation of the myofibrils relative 
to the plane of sectioning. The three solu­
tions used to treat the diced pieces were: 
A) 100 mM KCl, ?0 mM Tris-acetate, pH 7.0, 
5 mM MCE, 10 mM SGTA, 1 mM Naïh, 50 !^ g puri­
fied CAF/ml (CAiF, no Ca2+ control) 5 B) 100 mM 
KCl, 50 mM Tris-acetate, pH 7.0, ? mM MCE, 
10 mM CaClp, 1 mM NaNo (no CAF, Ca^ "^  control); 
and G) 100 mM KCl, 50 mM Tris-acetate, pH 7.0, 
? mM MCE, 10 mM CaCl2, 50 jig purified CAF/ml 
(CAF, Ca2+ sample). Letters in the micrographs 




CAF completely removes Z-disks from myofibrils and leaves 
a gap where the Z-disk had been. The M-line also appears 
to be partly degraded in myofibrils treated with purified 
CAF (Figure 38C). It is very difficult to draw definite 
conclusions about M-line integrity in myofibrils, however, 
because the M-line is sometimes disrupted during glycerina-
tion and the subsequent incubation procedure. If CAF af­
fects M-lines, it is clear that this effect is much less 
extensive than the effect of CAF on Z-disks (Figure 38c). 
It is also clear from Figure 38 that CAF does not degrade 
the A-band or thin filaments, although thin filaments in 
Figure 38C appear less straight and rigid than filaments 
in similarly treated control samples (Figure 38A and 38B). 
The pieces of glycerinated muscle strips were approximately 
1 to 2 mm in diameter and several mm long and it could be 
estimated that 50 min or mors might be required for an en­
zyme the size of CAF to diffuse completely through these 
muscle pieces. Consequently, it was impossible to learn 
anything about rate of Z-disk removal by CAF from experi­
ments using glycerinated muscle strips such as those shown 
in Figure 38. Observation of purified myofibril suspensions 
under the phase microscope indicated that treatment with 
one part of purified CAF to 500 parts of myofibrillar pro­
tein, by weight , at 25°C completely removes Z-disks within 3 
to 5 min. These experiments were necessarily subjective, 
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however, and simply indicate the period of time before 
Z-disks could no longer be observed in the phase microscope. 
Although electron microscopy is valuable for studying 
the effects of CAF on specific structures of the myofibril, 
it cannot detect effects of CAF on individual proteins of 
the thick and thin filaments nor does it indicate anything 
about the extent or nature of the degradation of individual 
proteins by CAF. Consequently, the effects of CAF on the 
purified myofibrillar proteins, myosin, actin, a-actinin, 
tropomyosin, troponin, and C-protein and on purified myo­
fibrils were examined using SDS-polyacrylamide gel electro­
phoresis. 
Figure 39 shows 7.5 and 10^  SDS-polyacrylamide gels 
of control and CAF-treated myosin that contains C-protein. 
Incubating myosin with purified CAF at a CAF to myosin ratio 
of 1:200, by weight, for 1=0 hr at 25°C causes no detectable 
effect on the mass of the heavy chains of myosin (gels a and 
b. Figure 38), and also has no detectable effect on the 
light chains of myosin (gels c and d, Figure 39). This 
result is very surprising because purified myosin is 
quickly hydrolyzed by many proteolytic enzymes, including 
trypsin (Lowey et al., 1969), chymotrypsin (Gergely et al., 
1955), papain (Kominz et al., 1965), and subtilisin (Middle-
brook, 1959)• The failure of CAP to degrade a molecule 
which is susceptible to such a wide variety of proteases 
Figure 39. SDS-polyacrylamide gel electrophoresis of 
control and CAF-treated porcine skeletal 
myosin containing C-protein 
Gels a and c show control samples and gels b 
and d show myosin and C-protein after 60 min 
of incubation with CAP. CAF treatment was 
done in ^ +00 mM KCl, 100 mM Tris-acetate, pH 
7.5, 5 mM CaCl2, 10 mM MCE, 0.1 mM EDTA, 5.0 
mg myosin plus C-protein/ml, 0.025 mg purified 
CAF/ml, 25°C. Control samples were incubated 
under conditions identical to the preceding 
except water was added instead of CAF. Both 
7 1/2# and 10# polyacrylamide gels were run. 
Hu ~ heavy chains of luyosin; A=l, A-2 = 
light chains of myosin. Gels are loaded with 
25 JJ-g of protein per gel. 
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suggests that CAP either possesses a remarkable specificity 
for a series of amino acid side chains or that the rela­
tively large size of the CAF molecule sterically prevents 
CAF from reaching susceptible bonds in the myosin molecule. 
That C-protein contaminating the myosin preparation shown 
in Figure 39 is degraded by CAF to a polypeptide of slightly 
less mass than that of the original C-protein molecule (gels 
a and b, Figure 39) shows that CAF was active during the 
incubation v/ith myosin and that the lack of effect of CAF 
on myosin was not due to incubation with an inactive CAF 
preparation. 
Figure 40 shows 1*% SDS-polyacrylamide gels of con­
trol and CAF-treated C-protein. Because the C-protein was 
not completely homogeneous, 1*5$ SDS-polyacrylamide gels 
of control and CAF-treated myosin containing C-protein are 
also shown for comparison. These gels confirm that C-
protein (molecular weight 1^ 0,000 daltons) is degraded to 
a polypeptide chain of slightly less mass than that of 
native C-protein. The polypeptide chain formed by CAF 
degradation of C-protein has a mass of approximately 
130,000 daltons. Hence CAF must remove a 10,000-dalton 
fragment from one end of the peptide chain of C-protein. 
This degradation appears to occur in the presence (gels 
a and c, Figure ^ 0) as well as in the absence of myosin 
(gels b and d, Figure 40). 
Figure 4-0. Seven and one-half percent SDS-polyacrylamlde 
gels of control and CAP-treated porcine skeletal 
C-protein and control and CAF treated porcine 
skeletal myosin 
Gels a and b show control myosin and C-protein, 
respectively, and gels c and d show myosin and 
C-protein, respectively after 60 min of incuba­
tion in the presence of ^  mM CaClp and CAF. 
CAF treatment was done in k-00 mM KCl, 100 mM 
Tris-acetate, pH 7.5^ , 5^  mM CaCl2, 10 mM MCE, 
0.1 mM EDTA, 5 mg myosin or C-protein/ml, 2? |xg purified CAF/ml, 25»oC. Control samples 
were incubated under conditions identical to 
the preceding except water was added instead 




The gels in Figures ^ 1 and k2 show that CAP has no 
detectable effect on the mass of either actin (Figure ^ 1) 
or a-actinin (Figure ^ 2). The very faint protein band ap­
pearing in the region of 80,000 daltons in the gel of CAF-
treated a-actinin (gel b, Figure ^ 2) makes analysis of CAP's 
effect on this protein more difficult. Because trypsin 
treatment of a-actinin produces a degradation product of 
approximately 80,000 daltons, it is possible that the 80,000-
dalton band observed in gels of CAP-treated a-actinin is the 
result of a very limited proteolysis of a-actinin by CAF. 
This band appears to represent less than 1% of the total 
protein loaded onto the gel, however, and it seems very 
ujilikely that CAF-hydrolysis of a-actinin during treatment 
with 1 part of CAF to 200 parts of a-actinin, by weight, 
for 1.0 hr at 25°C would stop after only 1% of the a-actinin 
had been degraded. In contrast, for example, treatment of 
myofibrils at a ratio of 1 part CAF to 0^0 part myofibrils, 
by weight, results in complete removal of Z-disks from the 
myofibrils in 3 to ^  minutes at 25°C. Even if the faint, 
80,000-dalton band appearing in the gel of CAF-treated a-­
actinin is the result of limited proteolysis of a-actinin 
by CAF, it is clear that this extremely limited degradation 
of a-actinin could not cause complete removal of Z-disks 
in 3 to 5 min. If casein was added to assay tubes contain­
ing a-actinin or actin, CAF exhibited its normal ability 
Figure !+l. Seven and one-half percent SDS-polyacrylamide 
gels of control and CAF-treated porcine skeletal 
actin 
Gel a shows control actin and gel b shows actin 
after 60 min of incubation in the presence of 
5 mM CaCl2 and purified CAF. CAF treatment was 
done in 100 mM KCl, 100 mM Tris-acstate, pH 
5 mM CaCl2; 10 mM MCE, 0.1 mM EDTA, 5.0 mg 
actin/ml, 2^  |xg purified CAF/ml for 60 min at 
250c. Control samples were incubated under 
conditions identical to the preceding except 
that water was added instead of CAF. Gels 





Figure *+2. Seven and one-half percent SDS-polyacrylamide 
gels of control and CAF-treated porcine skeletal 
ct-actinin 
Gel a shows control a-actinin and gel "b shows 
a-actinin after 60 min of incubation in the 
presence of  ^mM CaCl2 and purified CAF, GAP 
treatment was done in 100 mM KCl, 100 mM Tris-
acetate, pH 7.5» 5 inM CaCl2, 10 mM MCE, 0.1 mM 
EDTA, 5*0 mg a-actinin/ml, 25 pg purified CAF 
for 60 min at 25°C. Control samples were incu­
bated under conditions identical to the pre­
ceding except that water was added instead of 
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to degrade casein. Hence, CAP is active in the presence 
of a-actinin or actin, and the lack of effect on a-actinin 
and actin is not due to inactivation of CAP during the 
assay. 
A more plausible explanation for the origin of the 
80,000-dalton band in CAP-treated a-actinin is that the 
80,000-dalton band represents the heavy subunit of CAP. 
SDS-polyacrylamide gels of CAP-treated a-actinin were loaded 
heavily (33 jig of protein per gel) to facilitate detection 
of very small amounts of proteolytieally produced fragments. 
Because a-actinin was treated at a ratio of 1 part CAP to 
200 parts a-actinin, by weight, the 33 IJ-g of CAP-treated 
a-actinin loaded onto the gel should contain 0.165 P-g of 
CAP protein; 0.16? jig of protein is enough to be detected 
as a faint band when gels are stained with Coomassie blue. 
It thus sssms very likely that the faint band appearing 
at 80,000 daltons is simply the 80,000-dalton subunit of 
CAP and does not result from limited proteolysis of o-
actinin by CAP. That CAP has no effect on either purified 
a-actinin or actin has been confirmed by showing that 
neither the N- nor G-terminal amino acids of a-actinin or 
actin are altered by CAP-treatment (Singh, 1974). This 
finding precludes the possibility that CAP acts on a-
actinin or actin by removing a very small peptide off one 
end of the peptide chain to leave a fragment with a 
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molecular weight so similar to the parent molecule that it 
cannot be distinguished on SDS-polyacrylamide gels. 
The sedimentation pattern of control and CAF-treated 
a-actinin is shown in Figure ^ 3* CAP-treated a-actinin 
sediments as a single sharp, symmetrical peak which appears 
identical to control a-actinin. Therefore, by this cri­
terion also, CAF treatment has no effect on purified a-
actinin. 
a-Actinin is located in the Z-disk (Goll et al., 1967j 
1969; Schollmeyer et al., 19735 Stromer et al., 1967, 1969), 
and jji vitro, a-actinin binds only to F-actin among the 
known myofibrillar proteins (Goll et al., 1972). Because 
CAF removes Z-disks from myofibrils, it was therefore very 
surprising that CAF degraded neither a-actinin nor actin. 
The inability of CAP to degrade either purified a-actinin 
or purified actin vitro, makss it very unclear as to how 
CAF releases a-actinin from Z-disks of myofibrils in vitro. 
It is possible that conformation of a-actinin or actin in 
the myofibril is different from the conformation of these 
proteins in vitro, and that this different conformation 
might render one or both proteins susceptible to hydrolysis 
by CAP. To test this possibility, a large amount of myo­
fibrils was treated with purified CAP to release a-actinin, 
and the CAF-released a-actinin was then purified according 
to the procedure of Singh (1974). The supernatant from 
Figure 4-3. Sedimentation patterns of control and CAF-treated porcine 
skeletal a-actinin 
Control a-actlnin was incubated in the absence of CAP and 
treated a-actinin was incubated in the presence of 5 mM 
CaCl2 and CAF. CAP treatment of a-actinin was done in 100 
mM KCl, 100 mM Tifis-acetsite, pH 7.5, 5 mM CaCl2, 10 mM MCE, 
0.1 mM EDTA, 5-0 mg a-actinin/ml. 25 purified CAF/ml for 
60 min at 25OC. Control a-actinin was incubated under con­
ditions identical to the preceding except that water was 
added instead of CAF. Final conditions for sedimentation 
velocity run on control and CAF-treated a-actinin: 100 mM 
KCl, 100 mM Tris-acetate., pH 7.5, 10 mM EDTA, 5 mM CaCl2, 
10 mM MCE, 5-0 mg CAF-treated or control a-actinin/ml, 
200c. Phase plate angle = 70°. 
Unitreated w-cct'l ni n » 5.0 «gif# 
«-actlnln tireiiUed with (GAP at 
1/200 for 60 iiln. 5 mg/ml 
MINUTES AFTER REACHING 60,000 RPN 
8 40 72 
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CAF-treated myofibrils was salted out between 0 and 30^  
ammonium sulfate concentration to give a CAF-released-
Po-30 G-actinin fraction that was rich in a-actinin (Fig­
ure Mf). This fraction contains a much higher proportion 
of its protein as a-actinin than ordinary Pq^ o^ fr&ctloBs 
prepared in the usual way from swollen myofibrils (Singh, 
19740, and the a-actinin in this fraction was indistinguish­
able on SDS-polyacrylamide gels from a-actinin in ordinary 
Po-30 fractions from myofibrils. The CAP-released Pq-SO 
fraction was loaded onto a 2.5 x 30 cm DEAE-cellulose col­
umn equilibrated against 20 mM Tris-acetate, pH 7.|^ , and 
the column was eluted with a linear 0-300 mM KCl gradient 
in 20 mM Tris-acetate, pH 7.5» Elution profile of the 
CAF-released Po«3o fraction from this column (Figure 
appears identical to elution profiles of ordinary Po»30 
a-actinin fractions except that the profile of the CAF-
released P0.30 fraction has much less material eluting be­
fore the a»actinin peak than elution profiles of ordinary 
Po-30 °^ -actinin fractions do. Elution of a-actinin from 
the CAF-released Po_3o fraction occurs between 190 and 240 
mM KCl which is where a-actinin from ordinary Pq.^ q frac­
tions elutes from similar columns (Singh, 1974). The DEAE-
cellulose-purified-CAF-released a-actinin was then loaded 
onto a 1.6 X 14 cm hydroxyapatite column in ^ 0 mM K-
phosphate buffer, pH 7.0, and the protein was eluted with 
Figure Seven and one-half percent SDS-polyacrylamide 
gels of Pq-^ o CAF-released a-actinin prepara­
tions 
Gels from two different P0-30 crude a-actinin 
preparations containing a-actinin released from 
porcine skeletal myofibrils by CAP are shown. 
CAP treatment of myofibrils was done as 
described in the Materials and Methods. The 
most rapidly migrating band in each of these 
gels corresponds to a molecular weight of ^ 2,000 
to 44,000 daltons. Pq-30 fractions from low 
ionic strength extracts of swollen myofibrils 
contain much larger amounts of this 44,000-
dalton component relative to a-actinin than 
is present in the Po-30 CAF-released a=actinin 
fractions shown in this figure. 
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Figure 4$". lîlution profile of Pq-30 porcine skeletal CAF-released 
a-actinin fractions from a 2.5 x 30 cm DEAE-cellulose 
column 
A total of 160 mg of Po-30 CAF-released a-actinin (see 
gels in Figure 4"+) was applied, and the column was eluted 
ifith a continuous gradient consisting of 400 mis each of 
20 niM Trts-acetate, pH 7.5» and of 300 mM KCl, 20 mM Tris-
acetate, pH 7.5» Flow rate was 21 ml/hr and 7 ml fractions 
were collected. KCl concentration in the eluant is shown 
by the diagonal, dashed line. Protein eluting between 190 
and 230 mM KCl (indicated by vertical lines) was rich in 
a-actinin and wa.s advanced to the next purification step. 
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a 50-200 mM K-phosphate gradient, pH 7.0. The elution 
profile of DBAE-cellulose-purified-CAF-released a-actinin 
from this hydroxyapatite column (Figure 46) also is identi­
cal to the elution profile of control DEAE-cellulose-
purified a-actinin; a-actinin elutes between 85 and 110 
mM K-phosphate (Figure 4-6) from either CAF-released-DEAE-
cellulose-purified fractions or from ordinary DEAE-cel-
lulose-purified fractions (Singh, 19740. 
Approximately 0.2 to 0.25 nig of purified CAF-released 
a-actinin are obtained per gram of muscle, fresh weight. 
This yield is very similar to the yields of 0.2 to 0.3 mg 
purified a-actinin obtained per gram of muscle, fresh 
weight, by using the conventional low ionic strength pro­
cedure for extracting a-actinin from swollen myofibrils 
(Arakawa et al., 1970b). Hence, OAF treatment of myo­
fibrils seems to be as effective as low ionic strength 
extraction in removing a-actinin from myofibrils. 
Purified CAF-released a-actinin migrates identically 
to ordinary purified a-actinin on 8D8-polyacrylamide gels 
(Figure 4-7) ; these two a-actinins cannot be separated even 
when equal amounts are coeleetrophoresed on the same gel 
(Figure 4-7). Consequently, if CAF-released a-actinin has 
been proteolytically degraded during its release from the 
myofibril, this degradation is very slight, and can consist 
of no more than removal of a 1000-dalton peptide from one 
Figure ^ 6. Elut ion profile of DEAE-cellulose-purified-GAf-released 
porcine skeletal a-actind.n from a 1.6 x 1^ - cm hydroxyapatite 
column 
A total of 98 mg of DEAE-cellulose-purified-CAF-released 
cc-actinin (fraction eluting between 190 and 230 mM KCl in 
Figure was applied to the column, and the column was 
eluted ^ d.th a continuous gradient consisting of 3oo mis each 
of 50 mM K-phosphate, pH 7.1, and 200 mM K-phosphate, pH 
7.1. Flow rate was 9.0 ml/hr and 3 ml fractions were col­
lected. K-phosphate concentration in the eluant is shown 
by the diagonal, dashed line. The fraction eluting between 
85 sind 110 mM K-phosphate was pure a-actinin and was used 
for further study. The two peaks in this fraction are due 
to partial separation of "red" and "white" a-actinin 
(Suzuki et al., 1973). 
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Figure ^ 7. Seven and one-half percent SDS-polyacrylamide 
gels of purified control and purified CAF-
released porcine skeletal a-actinin 
Purification of both control and CAF-released 
a-actinin samples was done by using a combina­
tion of DEAE-cellulose and hydroxyapatite 
chromatography as described in Figures ^ 5 and 
1+6 for CAF-released a-actinin. 
Gel loads: 33 jig of purified control a-actinin; 
2y p-g of purified CAF-released a-actinin; 
and a combination of 12 jJ-g purified control 




end of the peptide chain of a-actinin. The ability of 
ordinary and CAF-released a-actinin to accelerate super-
precipitation of reconstituted actomyosin is also identical 
(Figure 49). Therefore, proteolytic removal of a-actinin 
has not altered the ability of a-actinin to accelerate in 
vitro measures of muscle contraction. These results sug­
gest that CAF-released a-actinin is identical to ordinary 
a-actinin, although it must be shown that the N- and C-
terminal amino acids of CAF-released a-actinin are the same 
as those of ordinary a-actinin before this conclusion can 
be accepted unequivocally. 
Although the studies on a-actinin just described in­
dicate that hydrolysis of a-actinin is not the mechanism 
by which CAP removes Z-disks from myofibrils, it is still 
possible that Z-disk removal is accomplished via hydrolysis 
of the actin monomers to which a=aetinin is bound. In vivo = 
only a very small percentage of total actin monomers are 
involved in binding a-actinin to the Z-disk. If only these 
monomers are susceptible to CAF hydrolysis, it is very 
probable that degradation of such a small proportion of 
total actin would not be detected. Thus, the question of 
whether a-actinin binding to actin in vivo renders the 
actin monomer to which a-actinin is bound more susceptible 
to CAF hydrolysis remains unanswered. 
Although CAP has no detectable effect on purified 
Figure ^ +8. Effect of purified control and purified CAF-released 
a-actinin on superprecipitation of reconstituted actomyosin 
Purification of both control and CAF-released a-actinin 
was done by using a combination of DEAE-cellulose and 
hydroxyapatite chromatography as described in Figures *+5 
and 1+6 for CAF-released a-actinin. 
Conditions for superprecipitation assay: 90 mM KCl, 20 mM 
Iris-acetate, pH 7.^ , 0.05 mM DIE, 1 mM MgCl2, 0.05 
mM CaGl2, 1 mM AIP, 0.40 mg actomyosin/ml, a-actinin 
indicated as a percentage of actomyosin, 25°0. 
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myosin, actln or a-actinin, tropomyosin is degraded by 
CAF in vitro (Figures ^ 9 and 50). Treatment of tropomyosin 
at a ratio of 1 part CAF to 200 parts tropomyosin by weight 
results in degradation of the tropomyosin molecule to poly­
peptide chains of 13,000-18,000 daltons (gels c and d, 
Figure ^ 0). These same degradation products are formed in 
lesser amounts by treatment of tropomyosin at a ratio of 
1 part CAF to 2000 parts tropomyosin by weight (gels e and 
f, Figure 50). Because no degradation products intermediate 
in molecular weight between the native 3^ jOOO to 36,000-
dalton subunits of tropomyosin and the 13,000 to 18,000-
dalton breakdown products are observed even with mild CAF 
treatment, the 13,000 to 18,000-dalton degradation products 
are evidently primary rather than secondary products of CAP 
hydrolysis. Porcine skeletal tropomyosin has two subunits 
of slightly different molecular weights (approximately 
3^ ,000 and 36,000 daltons). Hie present study indicates 
that CAF degrades both subunits equally well (gels c and d. 
Figure 50), although it is difficult to determine relative 
degradation rates by examining SDS-polyacrylamide gels 
after a single time of hydrolysis. The molecular weight 
of the degradation products produced by CAP treatment of 
tropomyosin (13,000 to 18,000 daltons) suggests that CAP 
may attack the subunits of tropomyosin very near their 
center. The sedimentation pattern of CAF-treated tropomyosin 
Figure 1+9. Seven and one-half percent SDS-polyacrylamide 
gels of control and CAF-treated porcine skeletal 
tropomyosin 
Gels a and c show control tropomyosin and gels 
b and d show tropomyosin incubated in the 
presence of 5^  mM CaCl2 and purified CAF at 
OAF to tropomyosin ratios of 1:200 and 1:2000 
by weight, respectively. CAF treatment of 
tropomyosin was done in 100 mM KCl, 100 mM 
Tris-acetate, pH 7.^ . ^  mM CaClp, 10 mM MCE, 
0.1 mM EDTA, 5*0 mg tropomyosin/ml, and the 
amounts of purified CAF indicated above for 
60 min at 2^ oC, Control samples were incu­
bated under conditions identical to the pre­
ceding except that water was added instead of 
CAF. All gels are loaded with 25" p-g of tropo­
myosin per gsl. 

Figure 50. Ten percent SDS-polyacrylamide gels of control 
and CAP-treated porcine skeletal tropomyosin 
Gel a shows a control sample incubated in the 
absence of CAF; gel is loaded with 20 jxg 
tropomyosin. Gel b shows the same control 
sample but the gel is loaded with only 7 fig 
tropomyosin to permit resolution of the two 
different subunits in porcine skeletal tropo­
myosin. Gels c and d show tropomyosin after 
incubation with 5 mM CaCl2 and CAP at a CAF 
to tropomyosin ratio of 1:200 by weight; gel 
c is loaded with 25 jJ-g tropomyosin and gel d 
is loaded with 7 jig tropomyosin. Gels e and 
f show tropomyosin after incubation with 5 
mM CaClp and CAF at a CAP to tropomyosin ratio 
of 1:2000 by weight; gel e is loaded with 20 
p-g of tropomyosin and gel f is loaded with 7 
lig tropomyosin. CAF treatment of tropomyosin 
was done in 100 mM KCl, 100 mM Tris-acetate, 
pH 7.5, 5 mM CaCl2, 10 mM MCE, 0.1 mM EDTA, 
5.0 mg tropomyosin/ml and the amount of puri­
fied GAP indicated above for 60 min at 25°C. 
Control samples were incubated under conditions 
identical to the preceding except that water 
was added instead of CAP. 

Figure 51» Sedimentation patterns of control and CAF-treated porcine 
skeletal tropomyosin 
Control tropomyosin was incubated in the absence of CAF and 
treated tropomyosin was incubated in the presence of 5 mM 
CaClp and CAF'. CAF treatment of tropomyosin was done for 
60 min at 25®C in 100 mM KCl, 100 mM Tris-acetate, pH 7.5» 
5 mM CaCl2; 10 mM MCE, 0.1 mM EDTA, 5-0 mg tropomyosin/ml, 
and at a CAF to tropomyosin ratio of 1:200 or 1:2000 by 
weight as indicated. Control samples were incubated under 
conditions identical to the preceding except that water was 
added instead of CAF. 
Final conditions for sedimentation velocity were: 100 mM 
KCl, 100 mM Tris-acetate, pH 7.5, 10 mM EDTA, 5 mM 
CaCi2, 10 mM MCE, 5*0 mg tropomyosin/ml, 20°C. Phase 
plate angle = 70°. 
Un trem téd 1*1# # 
TM trenteii iWltfli CAF at lifîîO^lïO fiir 
60 
T M  t r e A t # -  # $ % ! # a t .  
60 min., 
MINUTES AFTER REACHtN6 60»000 RPM 
2^ 0 
(Figure 51) also indicates that tropomyosin is degraded 
by CAF treatment. In nondenaturing solvents in the ana­
lytical ultracentrifuge, the products of CAF hydrolysis 
of tropomyosin do not appear as homogeneous as they do in 
SDS-polyacrylamide gels and these hydrolysis products 
sedimented as a long band of material trailing the unde-
graded tropomyosin peak (Figure 51)• The sedimentation 
pattern of GAP-treated tropomyosin in nondenaturing sol­
vents also demonstrates that CAF does not break the 
tropomyosin polypeptide chain near its center and leave 
the tropomyosin molecule intact, but that CAF degradation 
of the tropomyosin molecule causes disassembly of the 
molecule. 
In addition to tropomyosin, troponin is also degraded 
by CAP (Figures 52 and 53)• Although the porcine skeletal 
troponin preparation shown in Figures 52 and 53 contains a 
small amount of tropomyosin contamination (see doublet bands 
just under troponin-T in gel a, Figures 52 and 53) and some 
1^ -,000-dalton material that ostensibly originates from 
proteolytic breakdown of troponin-I during preparation 
(Drabikowski et al,, 1971). purity of the preparation is 
adequate to demonstrate that CAF degrades troponin-T and 
troponin-I but not troponin-C (gels b and d, Figure 52). 
CAF degradation of troponin-T and troponin-I ultimately 
Figure 52. Seven and one-half percent SDS-polyacrylamide 
gels of control and CAF-treated porcine skeletal 
troponin 
Location of the different subunits of troponin 
is indicated. Gels a and c show control 
troponin and gels b and d show troponin incu­
bated in the presence of 5 niM CaClo and puri­
fied CAP at CAF to troponin ratios of 1:200 
and 1:2000 by weight, respectively. CAP 
treatment of troponin was for 60 min at 2?°C 
in 100 mM KCl, 100 mM Tris-acetate, pH 7.5» 
5 mM CaClo. 10 mM MCE, 0.1 mM EDTAj 5*0 mg 
troponin/ml and the amounts of purified CAF 
indicated above. Control samples were incu­
bated under conditions identical to the pre­
ceding except that water was added instead of 
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Figure ^ 3. Ten percent SDS-polyacrylamide gels of control 
and CAP-treated porcine skeletal troponin 
Location of the different subunits of troponin 
is indicated. Gels a and c show control 
troponin and gels b and d show troponin incu­
bated in the presence of 5 mM CaClp and puri­
fied CAF at CAF to troponin ratios of 1:200 
and 1:2000 by weight, respectively. CAF 
treatment of troponin was for 60 min at 25'°C 
in 100 mî'î KCl. 100 mM Tris-acetate j pH 7.5, 
5 mM CaCl2, 10 mM MCE, 0.1 mM EDTA- 5.0 mg 
troponin/ml and the amounts of purified CAF 
indicated above. Control samples were incu­
bated under conditions identical to the pre­
ceding except that water was added instead of 





results in the formation of two kinds of fragments with 
molecular weights of approximately 10,000 and 13,000 dal-
tons. These fragments are evidently not susceptible to 
further hydrolysis by CAF. Treatment of troponin at a 
CAP to troponin ratio of 1 to 2000, by weight for 1.0 hr 
(gel d, Figure 52 and 53) shows that troponin-T is degraded 
more rapidly by CAP than troponin-I. 
Because troponin is a complex molecule with different 
subunits and because CAP seems to affect these different 
subunits at different rates, a careful study was done on 
the rate at lAiich CAP alters the different subunits of 
troponin. This study was also used to determine whether 
the 10,000 and 13,000-dalton fragments are primary or 
secondary breakdown products of the troponin molecule. 
Troponin was treated with CAF at a CAP to troponin ratio 
of 1:2000 for times ranging from 5 min to 30 min (Figure 
5H-). This experiment confirms the conclusion that CAP 
degrades troponin-T more rapidly than troponin-I. More­
over, several faint bands that could only have come from 
troponin-T (gels b, c, and d, Figure 5^ ), appear in the 
30,000-ualton range during GAP treatment. The presence 
of these bands indicates that troponin-T is degraded via 
a series of transient intermediates of approximately 30,000 
daltons. The increasing intensity of the fairly heavy band 
corresponding to the 10,000-dalton fragment as troponin-T 
Figure 5^ . Ten percent SDS-polyacrylamide gels of porcine 
skeletal troponin treated with CAF for dif­
ferent times at a CAF to troponin ratio of 
1:2000 by weight 
Gel a shows a control sample incubated in the 
absence of CAF and gels b, c, d and e show 
troponin incubated with ^  mM GaClo and puri­
fied CAF for 10, 20 and 30 min. respectively, 
at 25°C. CAF treatment of troponin was done in 
100 mM KCl, 100 mM Tris-acetate, pH 7.5^ , ^  mM 
CaCl2, 10 mM MCE, 0.1 mM EDTA, 5 mg troponin/ml, 
2.p jig purified CAF/ml and for the times in­
dicated above at 2^ oc. Control troponin was 
incubated under conditions identical to the 
preceding except that water was added instead 
of CAF. All gels were loaded with 2? ng of 






is being degraded suggests that the 10,000-dalton fragment 
is a degradation product of troponin-T. The 13,000-dalton 
breakdown product of troponin is seen as a faint band in 
gel b, Figure $4; intensity of this band gradually in­
creases in gels c, d and e. This band is, therefore, 
probably the end product of troponin-I degradation. The 
sedimentation pattern of CAP-treated troponin (Figure 55) 
confirms that CAF degrades the troponin molecule, but the 
ill-defined nature of the sedimentation pattern of untreated 
troponin (upper diagram, Figure 55) makes it very difficult 
to analyze CAF-degradation of troponin any further from 
these sedimentation patterns. 
The effect of control and CAP-treated tropomyosin and 
troponin on superprecipitation of reconstituted actomyosin 
(Figure 56) was used to indicate the effect of CAF on the 
functional abilities of tropomyosin and troponin- The 
presence of tropomyosin and troponin together inhibits 
g , 
superprecipitation of reconstituted actomyosin unless Ca 
is present. Therefore, the ability of CAF-treated tropo­
myosin or troponin in different combinations vjith control 
tropomyosin or troponin to inhibit superprecipitation of 
p-j-
reconstituted actomyosin suspensions in the absence of Ca 
(presence of EGTA) should indicate the effect of CAF treat-
P+ 
ment on the Ca -sensitizing function of troponin and 
tropomyosin. Additions of CAF-treated tropomyosin and 
Figure 55* Sedimentation pattern of control and CAF-treated porcine 
skeletal troponin 
Control troponin was incubated in the absence of CAF, and 
treated troponin was incubated in the presence of 5 àM CaCl2 
and purified CAF. CAF treatment of troponin was for 60 min 
at 2^ oc in 100 ni].4 KCl, 100 mM Tris-acetate, pH 7.5> 5 niM 
CaCl2, 10 mM MCE, 0.1 mM EDTA, 5*0 mg troponin/ml and 2.5 fJ-g 
purified CAF/ml. Control troponin was incubated under con­
ditions identical to the preceding except that water was 
added instead of CAF. Final conditions for sedimentation 
velocity were: 100 mM KCl, 100 mM Tris-acetate, pH 7.5, 
10 mM EDTA, 5 mM CaCl2, 10 mM MCE, 5*0 mg troponin/ml, 20^ 0. 
Phase plate angle = 70o. 
MINUTES AFTER 
Untreated Til, 5>>ll 
TN treate<l ifitli 








GAP-treated troponin impart little Ca^ "'"-sensitivity to 
reconstituted actomyosin (Figure 56). Additions of CAP-
treated troponin and control tropomyosin, of CAF-treated 
tropomyosin and control troponin, or of control troponin 
g ,  
and control tropomyosin impart increasingly greater Ca 
sensitivity to superprecipitation of reconstituted acto­
myosin (Figure %), Superprecipitation is almost com­
pletely inhibited by addition of control tropomyosin with 
O I 
control troponin in the absence of Ca (Figure 56). These 
results are in general accord with the structural effects 
of CAF treatment on tropomyosin and troponin as assayed 
by SDS-polyacrylamide gel electrophoresis. Tropomyosin 
is less susceptible to CAF hydrolysis than troponin; hence, 
CAF-treated tropomyosin added with control troponin would 
2+ be expected to impart greater Ca -sensitivity to recon­
stituted actomyosin than CAF-treated troponin added with 
control tropomyosin. These results show that CAP treatment 
of tropomyosin and troponin vitro reduces and eventually 
destroys the functional abilities of these myofibrillar 
proteins. 
Although the preceding experiments demonstrate the 
effect of CAF treatment on purified muscle proteins, it is 
possible that assembly into a myofibril alters the conforma­
tion of these proteins in a way that changes their sus­
ceptibility to CAF hydrolysis. To evaluate the possible 
Figure 56. Effect of control and CAB'-treated tropomyosin and troponin 
on superprecipitation of reconstituted actomyosin 
5?he symbols are: AM = actomyosin; TM^  = tropomyosin incu­
bated for 60 min at 25°C in the presence of 5 mM CaCl2 and 
Ciff at a CAP to tropomyosin ratio of 1:2000 by weight; 
ïmP = control tropomyosin incubated for 60 min at 25°C in 
the absence of OAF; = troponin incubated for 60 min 
at with 5 nM CaCl2 fand CAP at a CAP to troponin ratio 
of 1:2000 by weight; = troponin control incubated for 
60 min at 25'°C in the absence of CAP. CAP treatment of all 
sam])les was done in 100 mM KCl, 100 loM Tris-acetate, pH 7.5, 
5» mM CaCl2, 10 mM MCE, 0.1 mM ÉDTA. 5»0 mg tropomyosin or 
troponin/mi, and 2.5 P-g purified CAP/ml. Control samples 
were incubated under conditions identical to the preceding 
except that water was added instead of CAP. 
Conditions for superprecipitation assay: 70 mM KCl, 20 mM 
Tris-acetate, pH 7.0, 0.1 mM DTE, 1 mM MgCl2, 0.2 mM 
CaCl2 or EGTA, 1 mM ATP, O.k- mg reconstituted porcine 
skeletal aotomyosiri/ml, 0.0^  mg TM and TN when added, 
25*^ 0. All samples except the one indicated contain 
EGTA and not Ca2+. 
ABSORBANCE (660 nm) 
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role of CAP in metabolic turnover of myofibrils, it is 
important to know what effect CAP has on the myofibrillar 
proteins when they are assembled into myofibrils. Conse­
quently, myofibrils prepared as described in the Materials 
and Methods section were treated with purified CAF at a 
CAPîHQrofibril ratio of 1:200 by weight. Although it is not 
possible to interpret SDS-polyacrylamide gels of whole myo­
fibrils unequivocally, the results suggest that assembly 
into myofibrils does not greatly alter susceptibility of 
any myofibrillar protein to CAP degradation. Thus, myosin, 
actin, and troponin-C, which were not hydrolyzed by CAP in 
the purified state are not affected by 30 min of CAP treat­
ment when they are assembled into myofibrils (gels b through 
f. Figure ?7). Similarly, tropomyosin, C-protein, troponin-
T and troponin-I, which were degraded by CAP in their pur­
ified state, are also degraded by GAP when they are as­
sembled into myofibrils. Assembly into myofibrils, however, 
decreases rate of degradation of tropomyosin by CAP and 
also seems to slow rate of degradation of troponin-T rela­
tive to troponin-I (Figure ^ 7). Troponin-I is almost en­
tirely degraded after 5 min of incubation of myofibrils 
with CAP (gel c, Figure ??). Because troponin-T comigrates 
with the heavy subunit of tropomyosin in these SDS-poly-
acrylamide gels of porcine skeletal myofibrils, destruction 
of troponin-T can only be observed as a gradual decrease in 
Figure $"7. Seven and one-half percent SDS-polyacrylamide 
gels of control and CAF-treated porcine skeletal 
muscle myofibrils 
After CAP treatment myofibrils were prepared 
for electrophoresis as described in the Ma­
terials and Methods- Gel a shows a control 
sample incubated in the absence of CAF, and 
gels b, c, d, e and f show myofibrils after 
1, 5J 10, 20 and 30 min of incubation, re­
spectively, with 5 inM CaCl2 and purified CAP 
at 25*^ C. CAP treatment was done in 100 mM 
KGlj 100 mM Tris-acetate. pH 7.?, ^  mM CaClg, 
10 mM MCE, 0.1 mM EDTA, ^ ,0 mg myofibrillar 
protein/ml, 25 Hg purified CAP/ml. All gels 





density of the band corresponding to the heavy subunit of 
tropomyosin with longer incubation times (cf. gels a and f, 
Figure A small amount of a 30,000-dalton component 
appears after 1 min of CAF hydrolysis (gel b, Figure ^ 7), 
This 30,000-dalton component increases in amount during 
the first 10 min of CAF hydrolysis (gels c and d, Figure 
!?7) and then gradually decreases with longer times of CAF 
treatment of myofibrils. As shown previously, CAF-degra-
dation of purified troponin results in the transient ap­
pearance of a 30,000-dalton component; therefore, the 30,000-
dalton component in the myofibril gels shown in Figure. ^ 7 
probably originates from CAF-degradation of troponin-T. 
Assembly into myofibrils, however, seems to slow breakdown 
of the 30,000-dalton component to smaller fragments. This 
delay in breakdown of the 30,000-dalton component and the 
reduced susceptibility of troponin-T to CAF hydrolysis 
when troponin-T is assembled into a myofibril indicates 
that in the myofibril, troponin-T must be partly shielded 
or covered in some way to slow access of the CAF molecule 
to it. Similarly, because tropomyosin is evidently located 
in the groove of the two-stranded actin helix, it is not 
surprising that tropomyosin in this environment in myo­
fibrils might be shielded from CAF attack. 
CAF treatment of myofibrils for 1 min at a CAF to myo­
fibril ratio of 1:200 by weight removes approximately ^ 0^  
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of the ci-actinin and degrades some of the C-protein 
originally in the myofibril (gel b, Figure ?7). After 5 
min of incubation with CAP, nearly all the a-actinin is 
gone and degradation of C-protein is nearly complete (gel 
c, Figure 57). 
The nature of the three very faint protein bands that 
appear in the 100,000-dalton region formerly occupied by 
a-actinin (gels c, d, e and f, Figure 57) is not known. 
Because these bands do not increase in intensity with in­
creasing time of OAF-treatment, it is very unlikely that 
they are degradation products of myosin or of the 170,000 
dalton M-protein. As suggested by the complete removal of 
a-actinin, Z-disks in the myofibrils shown in Figure 5? 
were completely gone within the first 5 min of incubation. 
D, Studies on the Effect of CAP on the Is Vitro 
Interaction of c£=Actinin and F-Actin 
She availability of highly pm-ified a-actinin (Arakawa 
et al., 1970b; Robson et al., 1970) made it possible for 
Holmes et al. (1971) to show that, among the myofibrillar 
proteinsJ purified a-actinin bound to F-actin but not to 
G=actin, myosin, tropomyosin or the tropomyosin-troponin 
complex. Because a-actinin is located in the Z-disk (Goll 
et al., 1967, 1969» Masaki et al., 1967; Robson et al., 
1970; Schollmeyer et al., 1973; Strorner et al., 1967, 1969) 
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and because a-actinin binds only to P-actin in vitro 
(Goll et al., 1972; Holmes et al., 1971), it has gen­
erally been assumed that a-actinin binds to actin in the 
Z-disk in a way analogous to the in vitro interaction of 
a-actinin and F-actin. It was therefore assumed that, be­
cause CAP removes Z-disks from myofibrils, CAP would also 
degrade either a-actinin or actin, or both. Evidence pre­
sented in this study, however, has demonstrated that CAP 
degrades neither purified a-actinin nor purified actin in 
vitro. In addition, studies on purified CAP-released a-
actinin strongly indicated that this molecule is identical 
to purified a-actinin released from swollen myofibrils by 
low ionic strength extraction (Arakawa et al., 1970b). 
Consequently, it seems that any conformational changes 
occurring in a-actinin as a result of assembly into the 
myofibril do not render the a-actinin moleculs susceptible 
to CAP hydrolysis. Only a very small percentage of the 
total actin monomers in the thin filament interact with 
a-actinin in the Z-disk and degradation of this small num­
ber of actin monomers could not be detected by SDS-poly-
acrylajslde gels of actin but could release a-actinin from 
the Z-disk, Consequently, although it was possible by using 
CAP on myofibrils to show that CAP does not degrade a-actinin 
when it removes Z-disks, it was impossible by using CAP on 
myofibrils to determine whether CAP degraded actin when 
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a-actinin was bound to the actin monomer. Therefore, the 
effect of CAF on actin bound to a-actinin was examined by-
mixing purified a-actinin and actin jja vitro and incubating 
these mixtures with CAP. If conformational changes occur 
in either a-actinin or F-actin when a-actinin is bound to 
F-actin iii vitro and these conformational changes render 
either protein susceptible to CAF hydrolysis, then CAP 
should release a-actinin from F-actin vitro just as a-
actinin is released from Z-disks of myofibrils by CAF 
treatment. 
Accordingly, a-actinin/P-actin mixtures were treated 
with CAF, and all undegraded F-actin together with any a-
actlnln bound to it was sedimented by centrifugation at 
l¥+,000 X for 1.0 hr. The total protein remaining 
in the supernatants obtained from control and CAF-treated 
a-actinin/F-actin mixtures was compared, and SDS-poly-
acrylamide gels were run on control and CAF-treated super­
natants and sediments (see Materials and Methods for a de­
tailed description of methodology). 
If CAF releases a-actinin from F-actin, the 1^ 4,000 
X from GAF-treated a-ac tinin/F-ac tin mix­
tures should contain more a-actinin than supernatants from 
control a-actinin/F-actin mixtures. Table 4 shows that 
the average protein content of the lV+,000 x super­
natants from control and CAP-treated a-actinin/F-actin 
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Table h. Total protein in 144,000 x supernatant s from 
control and CAF-treated a-actinin/F-actin mixtures 
Conditions of 
CAP treatment 
mg of protein in 
l'A.,000 X ^
supernatant 
37°C Control® 0.67+0.005^  
37°C Treated® 0.70+0.050 
0°C Control 1.62+0.015 
0°C Treated 1.79+0.020 
C^ontrol a-actinin/F-actin mixtures were incubated for 
1.0 hr at the indicated temperature and in the absence of 
CAP. 
figures are means plus or minus standard error for two 
separate determinations. 
®XTeateu a-actinin/F=actln mixtures were incubated in 
the presence of ^  mM CaCl2 and purified CAF for 1.0 hr at the 
indicated temperature. 
mixtures in two experiments done at 37°C is almost identical. 
SDS-polyacrylamide gels of the 144,000 x supernatants 
from control a-actinin/P-actin mixtures and from a-actinin/ 
F-aetin mixtures treated with CAP at 37®C for 1 hr (gels a 
and b, Figure ^ 8) show that a substantial amount of a-
actinin remains in the supernatants of both control and 
CAF-treated a-actinin/P-actin mixtures. That no degrada­
tion products can be detected below either the ct-actinin 
I 
Figure 58. Seven and one-half percent SDS-polyacrylamide 
gels of the 144,000 x Bmax supernatants from 
control and OAF-treated a-actinin/F-actin mix­
tures 
a-Actinin and aetin were mixed at a ratio of 
15^  by weight and were incubated in 100 mM 
KCl, 20 mM Iris-acetate, pH 7.^ , 10 mM MCE, 
5 mM CaCl2, 0.1 mM EDTA, ^ .0 mg actin/ml, 25 
jj-g purified CAF/ml and at the temperature in­
dicated. Samples at O^ C were incubated for 
12 hr and samples at 37°C were incubated for 
60 min. After incubation the samples were 
centrifuged at 144,000 x ^ max 60 min to 
sediment F-actin and all protein bound to it. 
Control samples were treated identically 
except that an equal volume of water was added 
in place of OAF. All gels are loaded with 20 




or the actin bands indicates that no significant proteolysis 
has occurred in the CAP-treated a-actinin/F-actin mixtures. 
Because supernatants from both the control and CAF-treated 
mixtures consist predominately of a-actinin, the fact that 
total protein in these two supernatants is identical (Table 
k-) indicates that the amount of a-actinin in the super­
natants is identical. Therefore, CAP-treatment at 37°C does 
not release a-actinin from F-actin. 
SDS-polyacrylamide gels of the material sedimented 
from control and CAF-treated a-actinin/F-actin mixtures at 
lM+,000 X Sjnax show that the material sedimented from these 
two mixtures seems to have identical protein composition 
(gels a and b, Figure 59)* These SDS-polyacrylamide gels 
were scanned densitometrically to confirm that the a-actinin 
to actin ratio is identical in sediments from the control 
and the CAP-treated inlxtures (Figure 60) = The ratio of the 
area under the a-actinin peak to the area under the actin 
peak is 1:M+ for both these sediments (Figure 60). Moreover, 
as noted previously in SDS-polyacrylamide gels of the 
144,000 X supernatants, no breakdown products of a-
actinin or actin can be detected in SDS-polyacrylamide gels 
of the sediments from the CAF-treated a-actinin/F-actin 
mixture. It, therefore, seems that CAP treatment at 37^ 0 
has no effect on the amount of a-actinin bound to P-actin 
when compared with the amount of a-actinin bound by actin 
Figure 59. Seven and one-half percent SDS-polyacrylamide 
gels of the 144,000 x ^inax pellets from control 
and CAF-treated a-actinin/P-actin mixtures 
a-Actinin and actin were mixed at a ratio of 
1:5 by weight and were incubated in 100 mM 
KCl, 20 mM Tris-acetate, pH 7.5, 10 mM MCE. 
5 mM CaCl2, 0.1 mM EDTA, 5*0 mg actin/ml, 25 
Hg purified CAF/ml and at the temperature in­
dicated. Samples at O^ C were incubated for 
12 hr and samples at were incubated for 
60 min. After incubation the samples were 
centrifuged at their respective temperatures 
at 144,000 X £inax ^^r 60'min to sediment J?'-
actin and all protein bound to it. Control 
samples were treated identically except that 
water was added in place of CAP. All gels 
are loaded with 20 pg protein per gel. 

Figure 60. Densitometer scans of 7.'?^  SDS-polyacrylamide gels of 
material sedimented at 144,000 x ^Lgias; 60 min from 
370c control and CAF-treated a-actinin/F-actin mixtures 
CAF treatment was done for 60 min at 37°C in 100 mM KCl, 
20 EIM Tris-acetate, pH 7.5» 10 mM MCE. 5 mM CaClg;, 0.1 mM 
EDTA. ^ ,0 mg actin/ml- 1.0 mg a-actinin/ml at a CAF to 
G-actin ratio of 1:200 by weight. Control mixtures were 
incubated under conditions identical to the preceding 
except that watesr was added instead of CAF. Gel scan 
was done at 550 nm. 
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Figure 61. Densitometer se sins of 7.5^  SDS-polyacrylamide gels of 
material sedlmeiited at 14-4-,000 x £max 60 min from O^ C 
control and CAF-treated a-actinin/B^ ctin mixtures 
CAF treatment was done for 12 hr at 0°C in 100 mM KCl, 
20 inM Tris-acetate, pH 7.5, 10 mM MCE. 5 mM CaCl2, 0.1 mM 
EDTA, S'.O mg actin/ml, 1.0 mg a-actinin/ml, at a CAF to 
G-actin ratio of 1:200 by weight. Control mixtures were 
incubated under conditions identical to the preceding 
except that water was added instead of CAF. Gel scan 
was done at 5?0 nm. 
3.Or 
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in untreated, control mixtures. 
Experiments identical to those just described for 37°C 
were also performed at 0°C. a-Actinin/F-actin mixtures 
were incubated with CAP for 12 hr at 0°C. Although CAP 
hydrolyzes proteins much more slowly at 0°C than at 37°C, 
CAP is much more stable at 0°C than at and over a 12 
hr incubation period, total CAP activity (measured by re­
lease of soluble peptides from myofibrils) is greater at 
0°C than at 37°C (discussed previously in Results). Pro­
tein composition of the 144,000 x ^ x^ supernatants from 
a -ac tinin/F -ac tin mixtures treated with CAP at 0°C is 
identical to the protein composition of the 144,000 x 
supernatant from a control a-actinin/F-actin mixture (gels 
c and d, Figure 58). Almost all a-actinin in both the 
control and CAF-treated a-actinin/F-actin mixtures is bound 
to the F-actln and is sedimented i-zith it* hence, no de­
tectable o-actinin remains in either control or CAF-treated 
144,000 X supernatants (gels c and d, Figure 58). The 
large amount of actin present in the 0°C supernatants com­
pared to the amount of actin in the 37°C supernatants (cf. 
gels, a and b with gels c and d, Figure 58) occurs because 
of the well known inhibition of aggregation of actin 
monomers to F-actin filaments by low temperature. Hence, 
at 0°C, a greater proportion of the total actin is in the 
monomeric, unsedimentable form than at 37°C. The 144,000 
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X Emay supematant from the CAP-treated mixture has no 
detectable proteolytic breakdown products of either a-
actinin or actin (gels c and d, Figure 58). In addition, 
Table 4 shows that protein content of the 0°C supernatants 
from control and CAF-treated a-actinin/F-actin mixtures is 
not greatly different. Although the CAF-treated super­
natant contains slightly more protein than the control 
supernatant, the absence of a-actinin in the SDS-poly-
acrylamide gel of the CAF-treated supernatant (gel d, Fig­
ure 58) makes it very unlikely that the slightly larger 
amount of protein in this supernatant is due to released 
a-actinin. Moreover, because supernatants of both control 
and CAF-treated a-actinin/F-actin mixtures (gels c and d. 
Figure 58) contain no a-actinin, it is very unlikely that 
CAF is releasing a-actinin from F-actin at 0°C. 
SDS-polyacrylamide gels of the material sedimented at 
0*^ 0 from CAF-treated a-actinin/F-actin mixtures at 144,000 
X show that no breakdown products of either a-actinin 
or actin are detectable in this sediment (gel d, Figure 59). 
Densitometer scans of the SDS-polyacrylamide gels of the ma­
terial eedimented at 144,000 x&mmy (Figure 61) show that the 
ratio of the area of the a-actinin peak to the area of the 
actin peak is approximately 1:12.2 in sediments from both con­
trol and CAF-treated a-actinin/F-actin mixtures. Therefore, 
the relative amounts of a-actinin and actin are identical in 
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material sedimented at 1^ ,^000 x g^ nair the control or 
CAP-treated a-actinin/P-actin mixtures. These results 
indicate that CAP treatment of a-actinin/P-actin mixtures 
at 0°C for 12 hr does not release a-actinin from P-actin. 
It has been shown in this study that CAP removes Z-
disks and releases a-actinin from myofibrils in less than 
five min. The experiments described in this section, how­
ever, suggest that CAP does not release a-actinin from 
P-actin in vitro even after 1.0 hr at 37°C or after 12 hr 
at O^ C. If the to vitro interaction of a-actinin with P-
actin is analogous to the interaction binding a-actinin 
in the Z-disk, CAF treatment clearly should release a-
actinin from P-actin in a-actinin/P-actin mixtures as 
rapidly as it releases a-actinin from the Z-disk of myo­
fibrils. Thus, the ostensible failure of CAF to release 
a-actinin from F-actin to vitro suggests that to vitro 
binding of a-actinin to P-actin is, in fact, not analogous 
to the to vivo binding of a-actinin to Z-disks in the myo­
fibril. The nature of the interaction that binds a-
actinin to the Z-disk to vivo, however, are not clear at 
the present time. 
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V. DISCUSSION 
The original goal of this study was purification and 
characterization of the factor or factors responsible for 
Ca^ -^activated removal of Z-disks from muscle strips incu­
bated in Ca^ ''"-containing solutions (Busch et al., 1972). 
pJL 
After their discovery that Ca seemed to cause Z-disk re­
moval, Busch et al. (1972) showed that it was possible to 
isolate from muscle a crude protein fraction that catalyzed 
g # 
Ca -activated Z-disk removal from myofibrils ^  vitro. 
Myofibrils treated in vitro with this crude fraction ap­
peared very similar to myofibrils from muscle strips incu-
2+ bated in a Ca -containing solution, and it seemed very 
likely that the crude fraction contained the factor or 
g ,  
factors responsible for Ca -activated removal of Z-disks 
g  ,  
in myofibrils of muscle strips incubated in a Ca -contain­
ing solution. The extreme heterogeneity of Busch's prep­
aration (Busch et al., 1972) made it impossible to determine 
whether one or more than one enzyme was responsible for the 
Ca^ -^activated Z-disk-removing activity of this fraction. 
Om 
In addition, although Busch's crude fraction contained Ca -
activated proteolytic activity (Busch et al., 1972), it was 
p i  
not possible to determine whether Ca -activated Z-disk re» 
moval was catalysed by a protease, an amylase, a lipase, or 
some synergistic combination of two or more of these types 
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2+ 
of enzyme. By carefully monitoring the Ca -activated Z-
2+ disk-removing activity and the Ca -activated proteolytic 
activity of all fractions obtained during purification of 
P+ the Ca -activated Z-disk-removing activity in this study, 
it was shown that all Z-disk-removing activity in the crude 
protein fraction prepared by Busch et al. (1972) was due 
2+ 
to a single proteolytic enzyme called CAP. No Ca -
activated Z-disk-removing activity could be found during 
purification in any fraction that did not contain CAF and 
no significant loss in Z-disk-removing activity occurred 
during removal of protein fractions that did not contain 
CAF. Rather, the specific activity of CAF-containing frac­
tions increased after each purification step, and the nearly 
homogeneous, purified CAF fraction had the highest specific 
activity observed in this study. Consequently, it is un-
rs • 
likely that Ca'^ "^ -activated Z-disk removal by Buseh's crude 
protein fraction (Busch et al., 1972) involved any syner­
gistic activity of CAF with one or more other enzymes. 
A 17,000-fold increase in specific activity of CAF 
is routinely achieved during purification from the crude 
muscle homogenate to the Sephadex G-lpO-purified CAF, This 
increase in specific activity and the yields of purified 
CAF obtained in this study indicate that porcine skeletal 
muscle contains approximately 3.5 p-g of CAF per gram of 
muscle tissue, fresh weight. It is obvious from this data 
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that CAF constitutes a very small percentage of total pro­
tein in minced muscle tissue. Consequently, the possibil­
ity that CAF actually originates from the blood or connective 
tissue present in small amounts in minced muscle tissue 
must be considered, especially because blood is known to . 
2+ 
contain numerous Ca -activated proteoltyic enzymes involved 
in coagulation. Several attempts were made during this study 
to isolate CAF from whole blood by using the procedure 
routinely used for extraction of CAF from muscle. In all 
instances, the crude PQ-ifO ff&otions made from blood were 
completely devoid of CAF activity. Although no attempt was 
made in this study to isolate CAF from connective tissue, 
recent reports describing neutral proteases isolated from 
connective tissue (Davies et al., 1971; Ohlsson and Olsson, 
1973) do not describe any enzymes that are either physically 
or catalytically similar to CAF. These results demonstrate 
that CAF activity does not originate from residual blood 
remaining in muscle tissue and that CAF activity also prob­
ably does not originate from connective tissue present in 
muscle tissue. Moreover, as indicated in the Results, the 
observation of Busch et al, (1972) that incubation of muscle 
strips for 9 hr at 37°C in a Ca^ '^ -oontaining solution results 
in Z-disk removal and the finding in the present study that 
purified CAF has a molecular weight of 112,000 daltons 
strongly suggest that CAF is endogenous to muscle cells. 
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It is very unlikely that any exogenous enzyme having a 
molecular weight of 112,000 daltons could penetrate the 
muscle cell membrane and cause complete removal of Z-disks 
P+ during 9 hr of incubation in Ca . 
Purified OAF preparations made in this study con­
tained 8^  to 90^  of their protein as CAF protein as de­
termined by scans of SDS-polyacrylamide gels of purified 
CAF. The homogeneity of purified CAF preparations made it 
possible to determine the molecular parameters and enzymatic 
properties of CAF with considerable accuracy. It was shown 
that purified CAF is maximally active near the pH values 
and ionic strengths that exist in living skeletal muscle 
cells. Moreover, Reville and Zeece^  have demonstrated that 
CAF is not localized in lysosomes but seems to be free in 
the muscle cell sarcoplasm. These properties of CAF raise 
the intriguing possibility that CAF is involved in metabolic 
turnover of myofibrillar proteins. It is also clear from 
these properties of CAF that the muscle cell must have some 
mechanism to prevent continual and indiscriminate degrada­
tion of myofibrils by CAF because CAF in the sarcoplasm 
would have free access to myofibrils and this study has 
shown that CAF will degrade myofibrils if incubated with 
] 
Reville. W, R. and M. Zeece, Iowa State University, 
Ames, Iowa. Private communication. 1975» 
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them under conditions similar to those that exist in 
skeletal muscle cells in vivo. The nature of the mechanism 
used to control CAF activity is unknown, although it seems 
very likely that Ca^  ^is involved in this control because 
P+ Ca is an obligatory requirement for CAF-catalyzed removal 
of Z-disks from myofibrils iii vitro. Purified CAP re-
quires 1 mM Ca for optimum activity and at least 0.1 mM 
Ca^  ^must be present before even low levels of CAP activity 
g. 
can be detected. Intracellular free Ca concentrations 
are evidently 10"^  M or less in living, healthy skeletal 
muscle cells (Jobsis and 0'Conner, 1966; Ridgway and Ashley, 
g, 
1967; Weber, 1966). Hence, the free Ca concentration in 
healthy muscle cells seems to be sufficiently low to pre­
vent constant degradation of myofibrils by CAF. Although 
Ojl 
the relatively high Ca requirement for optimal activity 
of purified CAP may prompt some questions as to whether 
CAF is ever active in living muscle cells, that CAP is max­
imally active at physiological pH values and temperatures 
and is in the muscle cell sarcoplasm makes it imperative 
that CAP activity be controlled in some way, such as by a 
pi 
high Ca requirement- Moreover, it seems extremely un-
likely that muscle cells would contain a proteolytic enzyme 
whose requirements for activity would render it permanently 
inactive. That CAF is the only proteolytic enzyme found 
thus far in muscle cells that is capable of degrading intact 
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myofibrils suggests that this property may be related to 
the physiological function of CAF. It is interesting to 
note in view of this suggestion that several reports 
(Isaacson and Sandow, 1968; Varley and Dhalla, 1973> 
Vihert and Pozdyunina, 1969.; Wrogemann et al., 1973» Young 
et al., 1969) have indicated that intracellular levels of 
free Ca increase during muscular dystrophy (Issacson and 
Sandow, 1968; Wrogemann et al., 1973; Young et al., 1969), 
cardiac hypertrophy (Vihert and Pozdyunina, 1969) and other 
pathological or necrotic states associated with rapid dis­
appearance of myofibrils in skeletal muscle cells. It 
2+ 
seems likely that this increase in free Ca concentration 
is sufficient to activate CAF under these conditions. It 
2+ is also possible that intracellular free Ca levels may 
increase in localized areas of normal muscle cells to reach 
the concentration necessary to activate CAF and that in 
normal muscle cells, CAF is active only in these localized 
areas of higher Ca^  ^concentration. A third possibility is 
that CAF activity in healthy muscle cells may be controlled 
by altering the Ca^ "^ -requirement of the enzyme. That CAF 
possesses nonidentieal subunits of 80,000 and 30,000 daltons 
suggests the possibility that the enzyme may be subject to 
complex control mechanisms. It is possible that one of the 
subunits is regulatory and the other subunit is catalytic. 
?+ 
In vivo, the Ca -requirement of CAF may be modified in 
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response to physiological stimuli by phosphorylation of the 
regulatory subunit or by some other mechanism involving 
enzymes in addition to CAF. It is conceivable that, in the 
process of isolating CAF, certain factors involved in modi­
fying the Ca^ "'"-requirement of CAP are lost. Further study 
of the function of each subunit of CAF is clearly necessary 
to determine the mechanism that controls CAF activity in the 
living muscle cell. The relatively high requirement of CAF 
P+ for Ca obviously suggests that the control mechanism must 
involve Ca^ "*". 
If CAF has a physiological role in metabolic turnover 
of myofibrils and myofibrillar proteins, CAF activity would 
be expected to increase during the rapid muscular atrophy 
resulting from denervation or the muscular dystrophies. 
Kohn (1969) has reported that activity of a soluble pro­
teolytic fraction found in rat skeletal muscle Increases 
significantly in atrophying muscle, Kohn (1969) did not 
purify his proteolytic fraction, and it is therefore dif­
ficult to unequivocally equate his enzyme with purified 
CAF. Kohn*s proteolytic fraction, however, was very similar 
2+ to purified, CAP because it required 1 #1 Ca for optimum 
activity, its pH optimum was approximately 7.5? it required 
a reducing agent for maximum activity, and it was inacti­
vated unless EDTA was present. If, as these data suggest, 
the active enzyme in Kohn's soluble proteolytic fraction 
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(Kohn, 1969) is CAF, then CAF activity increases during 
muscle atrophy. Moreover, one very preliminary experiment 
by the author indicates that CAF activity in the Pq-^ O c^ ude 
CAP fraction is increased by 130 to 160^  in denervated 
porcine muscle. Preliminary results from a study by Zeece 
and Reville^  also indicate that CAF activity in the Pq-^ -O 
crude CAF fraction is 1^ 0 to l80^  higher in muscle from 
dystrophic chickens than in muscle from normal, control 
chickens. These results all support the contention that 
CAF is involved in metabolic turnover of myofibrillar 
proteins. 
It is also possible to assess the role of CAF in 
metabolic turnover of myofibrillar proteins indirectly 
by determining whether the ultrastructural changes observed 
in myofibrils in rapidly atrophying muscle are similar to 
the ultrastructural changes that OAF causes in myofibrils. 
Results of the present study have shown that the primary 
ultrastructural effect of purified CAF on myofibrils is 
alteration and degradation of the Z-disk. A large number 
of ultrastructural studies of muscle undergoing rapid 
atrophy due to denervation or muscular dystrophy have 
shown that atrophy is, in many instances, accompanied by 
Z^eece, M. and W. R. Reville. Iowa State University, 
Ames, Iowa. Private communcation. 1975» 
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marked alterations in the Z-disk. These observed Z-disk 
alterations include hypertrophy (Resnick et al., 1968; 
Santa, 1969; Shafiq et al., 1969), streaming (Engel and 
Stonnington, 1974; Gauthier and Dunn, 19735 Santa, 1969; 
Stonnington and Engel, 1973), and disintegration and dis­
appearance (Johnson, 1969; Pellegrino and Franzini, 1963; 
Price et al., 1962; Tomanek and Lund, 1973). Based on a 
careful ultrastructural study of denervation atrophy in 
rat skeletal muscle, Pellegrino and Franzini (1963) have 
suggested that myofibrillar atrophy occurs via two sep­
arate processes, the degenerative, autoXytic phase and the 
simple continuous phase. The first detectable ultra-
structural change in myofibrils during the degenerative 
phase is the gradual disappearance of the Z-disk. Thick 
and thin filaments then become disoriented and gradually 
disperse, leaving gaps in the myofibrillar array. The 
continuous phase of denervation atrophy occurs simultan= 
eously with the degenerative phase, but its effects are 
most noticeable later in atrophy. The continuous phase is 
characterized by detachment of filaments from the periphery 
of myofibrils to cause a decrease in diameter of the myo­
fibrils. This detachment process seemingly does not alter 
ultrastructure of the rest of the myofibril, and the myo­
fibrils remain intact although their diameters are signif­
icantly reduced. Filaments released from myofibrils during 
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the continuous phase seem to be degraded in the inter-
fibrillar spaces (Pellegrino and Franzini, 1963). 
These observations on ultrastructural changes in 
rapidly atrophying muscle and information obtained in the 
present study on effects of CAP on myofibrils indicate that 
CAF may have a physiological role in metabolic turnover of 
myofibrils and myofibrillar proteins. Moreover, the very 
unique and specific effects of CAF on the different myo­
fibrillar proteins suggest a unique role for CAF in meta­
bolic turnover of myofibrillar proteins. Because CAF does 
not degrade the myofibrillar proteins myosin, actin or 
a-actinin, it is obvious that CAF cannot be solely respons­
ible for metabolic turnover of myofibrillar proteins. Care­
ful ultrastruGtural studies of rapidly atrophying muscle 
have shown the initial step in myofibril turnover Is often 
disaggregation of the three-diffiensional structure of the 
myofibril to release thick and thin filaments. Other 
thorough ultrastructural studies have demonstrated that 
neither intact myofibrils nor thick nor thin filaments are 
degraded intralysosomally (Lockshin and Beaulaton, 1974a; 
1974bj Schlaffino and Hanzlikova, 1972). Consequently, it 
is clear that lysosomal cathepsins, which would be inactive 
at the extralysosomal pH values of the muscle cell, are not 
responsible for initial disassembly of the three-dimensional 
structure of the myofibril. Instead, myofibrils must be 
29  ^
degraded at least to their monomeric proteins "before 
lysosomal cathepsins can act on them, if indeed, lysosomal 
cathepsins are involved in metabolic turnover of myo­
fibrillar proteins. Disassembly of myofibrillar structure 
observed in the initial stages of muscle atrophy could be 
caused by selective degradation of the elements that hold 
the thick and thin filaments in their characteristic three-
dimensional array. The myofibril possesses three elements 
that are primarly responsible for holding thick and thin 
filaments in their proper three-dimensional and linear ar­
rangement: 1) the Z-disk; 2) C-protein filaments around 
the thick filament (Offer et al., 1973); and 3) the M-line 
(Huxley, 1972). Results presented in this study show that 
CAP destroys the Z-dlsk and C-protein and in addition has 
some effect on the M-line. Moreover, tropomyosin, which 
may contribute to stability of the thin filament, is also 
degraded by CAF. It may, therefore, be suggested that CAF 
is involved in the myofibrillar disassembly that has been 
observed in initial stages of muscle atrophy (Pellegrino 
and Franzini, 1963; Schiaffino and Hanzlikova, 1972). Re­
moval of Z-disks by CAF would release thin filaments because 
thin filaments are not bound to thick filaments in relaxed 
muscle. CAF degradation of tropomyosin and troponin on the 
thin filaments may favor disaggregation of actin in the thin 
filament to the monomeric form. Degradation of the M-line 
29? 
by CAP (or by some other agent) would result in release of 
thick filaments from the three-dimensional structure of the 
myofibril. CAP hydrolysis of C-protein may then cause 
loosening of the packing of myosin monomers in the thick 
filament and possibly result in the eventual release of 
myosin monomers from this structure. Actin and myosin 
monomers and a-actinin released from the myofibril by CAF, 
could then be degraded completely to amino acids by other 
proteolytic enzymes in the muscle cell. These other 
proteolytic enzymes may include lysosomal cathepsins. This 
mechanism for metabolic turnover of myofibrillar proteins 
is very similar to the general scheme proposed for myofi­
brillar protein degradation by Pellegrino and Franzini 
(1963) and Schiaffino and Hanzlikova (1972) on the basis 
of their ultrastructural observations. Neither Pellegrino 
and Franzini (1963) nor Schiaffino and Esnzlikova (1972)^  
however, were aware of the existence of CAF. 
In addition to accounting for the removal of Z-disks 
and disorientation of thick and thin filaments that was ob­
served by Pellegrino and Franzini (1963) in rapidly atrophy­
ing muscle, the preceding mechanism for myofibrillar pro­
tein turnover also explains the slow decrease in myofibril 
diameter observed by these authors. Gradual reduction of 
myofibril diameter could result from very low levels of 
CAF or from CAF whose activity has been attenuated by some 
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control mechanism, slowly degrading Z-disks and C-protein 
at the periphery of the myofibril and releasing one layer 
of thick and thin filaments at a time. Consequently, the 
mechanism proposed here for metabolic turnover of myo­
fibrils accounts for all the ultrastructural observations 
made in rapidly atrophying muscle. 
The mechanism for metabolic turnover of myofibrils 
proposed in the preceding paragraphs does not require that 
the different BQrofibrillar proteins turn over either 
synchronously or asynchronously. CÂF involvement in dis­
assembly of myofibrils according to the mechanism proposed 
here does, however, require that half-lives of tropomyosin 
and troponin be less than or equal to the half-lives of 
myosin and actin. Because CAP degrades troponin and 
tropomyosin, disassembly of the myofibrils by CAF would 
simultaneously be accompanied by hydrolysis of troponin and 
tropomyosin. Myosin and actin, on the other hand, are 
impervious to CAF degradation and would not be degraded 
during myofibril disassembly by CAP. It is thus possible 
that some actin and myosin monomers released from myo­
fibrils by CAF might be reassembled into a newly forming 
myofibril without being degraded into their component amino 
acids. Because troponin and tropomyosin are degraded by 
CAF in the process of myofibrillar disassembly, neither 
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tropomyosin nor troponin would be available for reincorpora­
tion into newly formed myofibrils. Thus, to the extent that 
myosin and actin released by disassembly of myofibrils are 
reincorporated into newly formed myofibrils without being 
degraded to amino acids, half-lives of myosin and actin 
would be longer than the half-lives of tropomyosin and 
troponin. Several recent studies have indicated that 
tropomyosin and troponin, indeed, turn over more rapidly 
than actin and myosin (Funabiki and Cassens, 1972, 1973» 
Koizumi, 1974^  Low and Goldberg, 1973). 
Although the mechanism proposed in the preceding para­
graphs for the role of CAF in myofibrillar protein turnover 
is consistent with the available evidence on degradation 
and metabolic turnover of myofibrils, no direct evidence 
exists as yet to show that CAF is actually involved in 
myofibrillar protein degradation. Additional evidence 
showing that CAF activity is increased during periods of 
rapid myofibrillar degradation and showing that CAF activ­
ity is subject to the necessary metabolic controls is needed 
to confirm the involvement of CAP in metabolic turnover of 
myofibrils. 
Results of this study indicate that, in addition to 
the possible role of CAF in myofibrillar protein turnover, 
CAP may also be extremely useful in probing the molecular 
structure of the Z-disk. Very little is known about the 
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molecular arrangement of the proteins in Z-disks, although 
Z-disks are known to contain a-actinin (Goll et al., 1967, 
1969î Masaki et al., 1967; Robson et al., 1970; Schollmeyer 
et al., 1973; 8trorner et al., 1967, 1969) and probably 
also tropomyosin (Schollmeyer et al., 1974J. Careful in 
vitro studies using purified proteins have indicated that 
a-actinin binds only to F-actin among the known myofibrillar 
proteins (Holmes et al., 1971), and it therefore seems 
probable that iji vivo a-actinin in the Z-disk binds to F-
actin in the thin filament. Although it has generally 
been assumed that the interaction binding a-actinin to the 
Z-disk is analogous to the interaction between a-actinin and 
F-actin iji vitro, little attention has been given to this 
question. Previous studies (Goll et al., 1972; Holmes et 
al., 1971) have shown that the a-actinin/F-actin interaction 
at 37"c is different from the interaction at Q°G, but these 
studies did not demonstrate whether the interaction at 
either temperature was similar to the interaction binding 
a-actinin to the Z-disk in vivo. If the in vitro inter­
actions between a-actinin and actin are not analogous to 
the interaction that occurs iji vivo, it vjill be very dif­
ficult to determine the physiological role of a-actinin in 
muscle by studying the a-actinin/F-actin interaction in 
vitro. Because the physiological role of a-actinin is 
presently very unclear, it is important to determine whether 
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a-actinin/F-actin interactions in vitro accurately Indicate 
the nature of the a-actinin/F-actin interaction in the Z-
disk. 
CAF rapidly removes Z-disks from myofibrils and be­
cause a-actinin is located in the Z-disk and binds only to 
F-actin among the known myofibrillar proteins, it was ex­
pected that CAP would degrade either purified a-actinin or 
purified actin, or both. The results of this study, how­
ever, demonstrate that CAF hydrolyzes neither of these 
proteins in their purified states even after 1 hr of treat­
ment at a CAF level that would cause complete removal of 
Z-disks from myofibrils in 3 to 5 min. Although purified 
a-actinin and purified actin treated separately were 
impervious to CAF treatment, it seemed possible that bind­
ing of a-actinin to F-actin alters the conformation of one 
or both of the proteins in such a way as to render either 
a-actinin or actin, or both, susceptible to CAF hydrolysis. 
The results obtained in this study indicate, however, that 
both a-actinin and actin remain resistant to in vitro 
hydrolysis by CAF even when allowed to interact before CAF 
treatmentJ and that CAF does not release a=actinin from 
actin in in vitro a-actinin/F-actin mixtures at either 0°C 
or 37°C. On the other hand, CAF releases a-actinin from 
myofibrils within only three to five min; this release 
occurs simultaneously with removal of Z-disks by CAF. CAF-
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released a-actlnin was shown to be identical to control 
a-actinin on SDS-polyacrylamide gel electrophoresis and 
in its ability to accelerate rate of turbidity development 
in reconstituted actomyosin suspensions. Although N- and 
C-terminal amino acid analysis of purified-CAP-released 
a-actinin are required to demonstrate unequivocally that 
CAP-released a-actinin is identical to ordinary purified 
a-actinin, the results of the present study strongly indi­
cate that CAP releases a-actinin from myofibrils without 
altering the a-actinin molecule either structurally or 
functionally. Whether CAP releases a-actinin from myo­
fibrils by degrading the actin to which a-actinin is bound 
is more difficult to evaluate. Because a-actinin is lo­
cated in the Z-disk at only one end of the thin filament, 
only a very small percentage of the total actin monomers 
making up a thin filament are involved in binding s-sctlnin 
to the myofibril. Degradation of all the actin monomers 
bound to a=actinin would not decrease the amount of actin 
separated on SDS-polyacrylamide gels of myofibrils by a 
detectable amount. 
Consequently^  it is not known whether CAP releases 
a-actinin from myofibrils by almost complete degradation 
of those actin monomers to which a-actinin is bound i^  vivo. 
No degradation products that can be attributed to actin are 
seen in SDS-polyacrylamide gels of CAF-treated myofibrils, 
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so if CAF degrades actin monomers bound to a-actinin, it 
must degrade these monomers to fragments too small to be 
detected readily on 7.5^  SDS-polyacrylamide gels. Regard­
less of whether CAF releases a-actinin from myofibrils by 
degrading some unique form of actin to which a-actinin is 
bound in the Z-disk, or whether a-actinin is bound to the 
Z-disk by some as yet undiscovered protein that is very 
susceptible to CAP, the results of the present study 
clearly indicate that the vitro interaction of a-actinin 
with F-actin differs from the a-actinin/F-actin interaction 
that occurs in the Z-disk iii vivo. This observation has im­
portant consequences for studies attempting to determine 
the physiological role of a-actinin by studying the a-
actinin/F-actin interaction in vitro. 
Results of the studies using CAF as a probe of the 
molecular architecture of the Z-disk together with the re­
sults of previous antibody studies showing that a-actinin • 
is in the amorphous component of the Z-disk (Schollmeyer et 
al., 1973) and that tropomyosin probably constitutes the 
Z-filaments (Schollmeyer et al., 19740 place considerable 
limitations on possible structures for the Z-disk. A re­
view of these limitations and of the ultrastructural ob­
servations on Z-disk structure suggests a simple model for 
the molecular architecture of the Z-disk. It may be in­
structive to briefly review some features of this model in 
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the anticipation that it may serve as a guide for future 
experiments on Z-disk structure. Most ultrastructural 
studies (Franzini-Armstrong, 19735 Katchburian et al., 
19735 JCnappeis and Carl s en, 1962) indicate that, upon 
entering the Z-disk thin filaments separate into four 
smaller Z-filaments that pass diagonally through the Z-
disk. Ultimately, each of the four Z-filaments originating 
from a single thin filament on one side of the Z-disk joins 
"with three other Z-filaments to form the four thin filaments 
located at the corners of the square lattice facing the 
original thin filament on the opposite side of the Z-disk. 
Antibody studies indicate that the Z-filament may be com­
posed in part of tropomyosin, but the nature of other pro­
teins constituting the Z-filaments is not known. Careful 
biochemical studies, however, have shown that I-Z-I brushes 
having intact Z-disks contain no proteins other than aotin. 
tropomyosin, troponin, and o-actinin (Goll and Schollmeyer ), 
Hence, it seems unlikely that Z-filaments contain large 
amounts of some as yet undiscovered protein. Because a-
actinin constitutes at least part of the amorphous com­
ponent in Z-disks and because a-actinin binds only to F-
actin among the known myofibrillar proteins, it seems 
G^oll, D. E. and J. V. Schollmeyer. Iowa State Uni­
versity, Ames, Iowa. Personal communication. 197?. 
303 
necessary to propose that the Z-filaments must also con­
tain actin to bind a-actinin in the amorphous component to 
the Z-disk. Furthermore, because the thin filament is 
composed of two strands of actin and two strands of 
tropomyosin and separates into four strands as it enters 
the Z-disk; it seems most reasonable to suggest that each 
of these strands is simply a continuation of the four 
strands constituting the thin filament. Consequently, one-
half of the Z-filaments would be strands of two-chained 
tropomyosin molecules and the other half of the Z-filaments 
would be actin monomers aggregated in single strands as 
opposed to the double strands that make up the backbone of 
the thin filament, a-Actinin would then bind to single-
stranded actin aggregates. This model accounts for the 
ultrastructural observations on Z-disk architecture, for 
the antibody localization studies showing that Z-disks 
contain a-actinin and tropomyosin, and for the observations 
using OAF as a molecular probe of Z-disk architecture. That 
a-actinin is bound to a single stranded actin aggregate in 
this proposed model for Z-disk structure, whereas all actin 
aggregates formed vitro are double-stranded and hence all 
in vitro studies with actin involve double-stranded actin, 
accounts for the difference between in vitro and in vivo a-
actinin/P-actin interactions discovered in this study by 
using CAF. Moreover, simply postulating that single-stranded 
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actln aggregates are much more susceptible to proteolytic 
degradation than double-stranded actln aggregates accounts 
for the fact that a wide variety of proteolytic enzymes, 
including CAP, very quickly remove Z-disks from myofibrils 
and release a-actinin. 
Obviously, much additional study is needed to show 
whether this hypothesized structure for the Z-disk is cor­
rect. Two possible studies are immediately suggested by 
the model, however. First, attempts should be made to de­
termine whether the Z-filaments contain actln. These studies 
might be done by determining whether heavy meromyosin will 
bind to Z-filaments to form "half arrowheads" in Z-disks 
that contain little or no amorphous component. Second, some 
attempts should be made to prepare single-stranded actin 
aggregates to determine whether a-actinin will bind to 
these aggregates and whether these aggregates are very 
susceptible to proteolytic degradation. Because preparation 
of single=stranded actin aggregates has never been described, 
these studies may require development of some new procedures 
for handling actin. 
Although the proposed model describes actin and 
tropomyosin in Z-filaments passing through the Z-disk as 
unbroken filaments, careful studies have shown that actin 
filaments on opposite sides of the Z-disk have opposite 
polarities. Consequently, some provision for this reversal 
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of polarity must be made in the Z-disk, and the continuous 
course of the Z-filaments must be altered to allow for this 
polarity reversal. The nature of this alteration is com­
pletely unclear. The existence of this reversal of polarity 
is no greater problem for the model of Z-disk structure pro­
posed in the present study than it is for any other model of 
Z-disk structure that recognizes that thin filaments con­
tinue as Z-filaments through the Z-disk. Indeed, the only 
models of Z-disk architecture that easily accommodate re­
versal of polarity are those models that propose that the 
thin filament stops at the edge of the Z-disk and that Z-
filaments are composed of new proteins, not found in the 
thin filament. These latter models are clearly incon­
sistent with the findings that Z-disks contain tropomyosin 
and that Z-disks cannot contain large amounts of new, as 
yet undiscovered, proteins. 
It should be noted that the data obtained thus far by 
using CAF as a probe of Z-disk structure is largely nega­
tive data. That is, the data indicates only what the a-
actinin/F-actin interaction in the Z-disk cannot be and 
does not indicate «hat the nature of the protein interac= 
tions that exist in the Z-disk may actually be. Because 
it has not yet been possible to produce a situation in vitro 
in which a-actinin is released from F-actin by CAF, it has 
been impossible thus far to use CAF as a probe by which to 
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obtain direct information on the interaction that binds 
a-actinin to the Z-disk. 
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VI. STJMMAEY 
This study describes: 1) isolation from muscle tis­
sue of a Ca^ -^activated factor (CAP) that removes Z-disks 
2+ 
from myofibrils Î£ vitro ; 2) purification of this Ca -
activated factor to near homogeneity; 3) partial chemical 
and physical characterization of this factor; and k-) ef­
fects of the purified Ca^ -^activated factor on purified 
myofibrillar proteins and myofibrils in vitro. 
Isolation of a crude CAP fraction from porcine 
skeletal muscle was achieved by using a procedure modified 
slightly from that used by Busch et al. (1972). The modi­
fications in procedure were made to increase the yield of 
CAP per gram of muscle used in preparation of the enzyme. 
In the isolation procedure, minced muscle tissue is homog­
enized in 2.5 volumes (v/w) of 4 mM EDTA, pH 7.2, for 90 
sec by using a Waring Blender. Muscle debris is removed by 
centrifugation at 1^ ,000 x and the supernatant from 
this centrifugation is subjected to Isoelectric precipita­
tion between pH 6,2 and 4^ 9. The protein that precipitates 
between pS 4-. 9 and 6,2 contains CAP and is redis solved in 
70 ml of 100 mM Tris-acetate, pK 8.0, 10 mM BDTA per kg of 
original muscle used in the preparation. The final volume 
of this solution is then brought up to 200 ml per kg original 
muscle by addition of distilled water. The solution is 
308 
clarified at 1^ +3,000 x for 1.0 hr, and the supernatant 
is salted out between 0 and ^ 0^  ammonium sulfate saturation. 
The protein fraction salting out between 0 and kO% ammonium 
sulfate saturation contains CAP activity and is called the 
0^-^ 0 cru&e CAF fraction. 
Further purification of CAF involves use of five column 
chromatographic procedures in the following sequence: 1) 6% 
agarose gel permeation in 20 mM Tris-acetate, pH 7.^ , 1 mM 
EDTA, 1 mM NaN^ j CAF activity elutes late from this column; 
this procedure produces a 2.2-fold increase in specific 
activity of CAF; 2) DEAE-cellulose eluted with a 0-500 mM 
KCl gradient in 20 mM Tris-acetate, pH 7.5, 1 mM EDTA, 0.1# 
MCE; CAF activity elutes between 220 and 200 mM KCl; this 
column produces a nine to ten-fold increase in specific 
activity of CAF; 3) Sephadex G-200 in 20 mM Tris-acetate, 
pH 7.5, 1 mM EDTA, 1 mrl NaK^ i CAP activity elutes in the 
last peak; this column produces approximately a three=fold 
increase in specific activity of CAF; 4-) a second DEAE-
cellulose column eluted with a very shallow 150 to 300 mM 
KCl gradient in 20 mM Tris-acetate, pH 7.5» 1 mM EDTA; 0,1% 
MCE; CAF activity elutes as a broad peak, but the protein 
with highest specific activity elutes between 230 and 260 
mM KCl; this column produces only approximately a 1.2-fold 
increase in specific activity of CAF but removes contaminat­
ing polypeptide chains having molecular weights of 100,000 
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daltons or greater from the CAP preparation; and ?) a 
Sephadex G-l^ O column in 20 mM Tris-acetate, pH 7.?, 1 mM 
EDTA, 1 mM NaN^ j CAP activity again elutes as a broad peak 
but the protein having the highest specific activity elutes 
just after the void volume of the column in the front half 
of the peak; this column produces only a 1.5 to 2.0-fold 
increase in specific activity of CAP but specifically re­
moves a polypeptide chain having a molecular weight of 
approximately 60,000 daltons. 
All column fractions obtained during this purification 
procedure were monitored by using five different assays: 
1) ability to remove Z-disks as evaluated subjectively in 
the phase microscope; although subjective, this assay was 
necessary because it was the Z-disk-removing activity that 
was of interest; 2) ability to proteolytically degrade 
casein to peptides soluble in 2=^  ^trichloroacetic acid; 
this assay permitted accurate quantitation of the pro­
teolytic ability of CAP and was the assay used to calculate 
increases in specific activity of CAP during purification of 
CAP; this assay, however, did not indicate the ability of 
the fractions to degrade myofibrils; and 3) ability to re­
move peptides soluble in 100 mM KCl at pH 7.^  from intact 
myofibrils; this assay provided a quantitative measure of 
ability of the fractions to degrade myofibrils but did not 
necessarily indicate ability to remove Z-disks; poly-
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acrylamide gel electrophoresis in nondenaturing pH 7.5 
buffers» and 5) polyacrylamide gel electrophoresis in 
2+ 
sodium dodecylsulfate. Ca -activated proteolytic activity 
M l  
against casein and myofibrils and Ca -activated Z-disk-
removing ability copurify and are present in purified CAF 
preparations. No column fractions other than those frac-
2+ 
tions that contained CAF had either significant Ca -
2+ 
activated proteolytic activity or Ca -activated Z-disk-
removing activity. Use of these five assays demonstrated 
that all Ca^ "^ -activated Z-disk-removing ability of the 
crude CAF fraction is due solely to a single Ca^ "*"-activated 
proteolytic enzyme, CAF. The procedure described for puri­
fication of CAP in this study results in a protein prepara­
tion that is 85-90^  CAF protein as judged by desitometer 
scans of SDS-polyacrylamide gels of purified CAF. Based 
on yields of purified CAF and on the 17,000=fold increase in 
specific activity of CAF achieved during the purification 
procedure, it was estimated that porcine skeletal muscle 
contains approximately 3»5 P-g of CAF per gm of tissue, fresh 
weight. 
The CAF molecule has two subunits, one having a molecu­
lar weight of 80,000 daltons and the other having a molecu­
lar weight of 30,000 daltons. The sedimentation coefficient 
of purified CAP is 5*90S. The molecular weight of purified 
CAP, as determined by meniscus-depletion sedimentation 
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equilibrium in nondenaturing solvents, is 112,000 daltons. 
Therefore, the CAF molecule contains one 80,000-dalton sub-
unit and one 30,000-dalton subunit per molecule. Based on 
the frictional coefficient determined from the sedimentation 
coefficient and on the molecular weight determined by 
sedimentation equilibrium, the CAP molecule is very slightly 
asymmetric with calculated dimensions assuming a prolate 
ellipsoid of 4-0 by 206 Elut ion from a calibrated 
Sephadex G-l^ O column also indicated that the CAP molecule 
has dimensions of approximately 4-!+ x 168 2, in good agree­
ment with the dimensions calculated from the sedimentation 
coefficient. The amino acid composition of purified CAP 
differs from the amino acid composition of other known 
muscle proteins. 
2+ 
Purified CAP requires 1 mM Ca for optimum proteolytic 
activity, and activity decreases at either higher or lower 
Ca^ "*" concentrations? CAF has very little activity at Ca^ "*" 
concentrations below 0.1 mM. The enzyme is optimally active 
at pH 7.5 and has very little activity below pH 6.0 or above 
9.0. A sulfhydryl group or groups seems essential for CAP 
activity because 2-mercaptoethanol or similar sulfhydryl 
reducing agents increase the activity of CAF; at least 2 
mM 2-mercaptoethanol is required for optimal activity of 
CAP, and CAP activity is not decreased at 2-mercaptoethanol 
concentrations up to 1? mM. Like other enzymes, CAP is more 
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active at 37°C than at 2?°C or at 0°C, but CAP very rapidly 
autolyzes at 37°C, and CAP activity decreases after 5 min 
at 37^ 0. CAP is rapidly and irreversibly inactivated in 
the absence of EDTA. Although the reason for this inacti-
2+ 2+ 
vation is unclear, that heavy metals such as Pe , Hi , 
Cu^ "^ , and Co^ "'" also irreversibly inhibit CAP suggests that 
EDTA may protect CAP's activity by chelating these heavy 
metals. CAP's proteolytic activity is not inhibited by 
soybean trypsin inhibitor, but is completely inhibited by 
iodoacetate. lodoacetate inhibition is consistent with 
the requirement of a sulfhydryl group for CAP activity. 
CAP does not hydrolyze a-benzoyl-L-arginine ethyl ester 
(BAEE, substrate for trypsin and papain), p-toluenesulphonyl-
L-arginine methyl ester (TAME, a substrate for trypsin and 
thrombin), or N-benzoyl-L-tyrosine ethyl ester (BTEE, a 
substrate for chymotrypsin). 
Studies involving treatment of individual purified 
myofibrillar proteins with purified GAP showed that CAP 
does not degrade myosin, actin, a-actinin or troponin-C, 
but degrades troponin-T, troponin-I, tropomyosin and C-
protein. Troponin-T is degraded first to a 30,000=dalton 
fragment and this fragment is then rapidly degraded to 
fragments of 13,000 daltons or less. Troponin-I is degraded 
immediately to fragments of 13,000 daltons or less without 
formation of any intermediates. CAP cleaves the polypeptide 
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chain of tropomyosin near its center to form fragments of 
13,000 to 18,000 daltons. CAP removes approximately a 
10,000-dalton fragment off the polypeptide chain of C-
protein to leave a major 125,000 to 130,000-dalton frag­
ment. Assembly of the myofibrillar proteins into myo­
fibrils does not cause any of the formerly resistant myo­
fibrillar proteins to become susceptible to CAF nor does 
it cause any of the previously susceptible myofibrillar 
proteins to become resistant to CAF. CAF degrades troponin-
T and tropomyosin slower when these proteins are assembled 
in myofibrils than when^ they are treated in the isolated, 
unassembled state, but assembly into myofibrils has little 
effect on rate of degradation of troponin-I and C-protein. 
The only detectable ultrastructural effect of CAF on myo­
fibrils is removal of Z-disks and a slow degradation of 
M-lines. Because CAF is the first protease to be isolated 
from muscle cells that has the ability to degrade intact 
myofibrils, and because the effects of CAF on myofibrils 
seem specific for those elements that hold myofibrils in 
their proper three-dimensional and linear array, it is pro­
posed that CAF is involved in the initial disassembly of 
myofibrils during metabolic turnover of myofibrillar pro­
teins . 
Its remarkable specificity also makes CAF useful as a 
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probe of the molecular architecture of Z-disks. a-Actinin 
is located in the Z-disk and binds only to P-actin among 
the known myofibrillar proteins. CAF rapidly removes Z-
disks and releases a-actinin from myofibrils vitro. 
but when incubated with either purified actin or purified 
a-actinin, individually, CAF degrades neither of these 
proteins as measured by SDS-polyacrylamide gél electro­
phoresis or N- and C-terminal amino acid analysis of the 
CAF-treated proteins. These results indicate that either 
the interaction of a-actinin and actin makes one or both 
these proteins susceptible to CAF or that the in vivo 
binding of a-actinin to the Z-disk differs from the in 
vitro binding of a-actinin to F-actin. As measured by 
SDS-polyacrylamide gel electrophoresis, CAF had no effect 
on either a-actinin or actin when a-actinin/F-actin mix­
tures were treated for either 12 hr at 0°C or 1 hr at 37°C 
under conditions where CAF removes Z-disks from myofibrils 
in 3 to 5 min. Hence, in vitro interaction of a-actinin 
and F-actin does not make either of these proteins sus­
ceptible to CAF. a-Actinin released from myofibrils by 
CAF was purified by using DEAE-cellulose and hydrosya-
patite chromatography. CAF-released a-actinin chromatograms 
identically with ordinary control a-actinin on both DEAE-
cellulose and hydroxyapatite. CAF-released a-actinin co-
migrates with ordinary control a-actinin on SDS-polyf-
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acrylamide gel electrophoresis, and CAF-released a-actinin 
causes the same increase in rate of turbidity development 
of reconstituted actomyosin suspensions as control a-
actinin. Therefore, CAP seems to release a-actinin from 
myofibrils without degrading the a-actinin molecule. Be­
cause a-actinin interacts with only a very small proportion 
of total actin in the myofibril, it is impossible to de­
termine whether CAP releases a-actinin from myofibrils by 
degrading specifically those actin monomers to which a-
actinin is bound. The results of these experiments show, 
however, that the in vivo interaction binding a-actinin 
to the Z-disk differs from the ordinary vitro inter­
action of a-actinin and P-actin. The nature of the bond 
holding a-actinin in the Z-disk of the myofibril is unclear. 
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VII. . CONCLUSIONS 
As the result of this study the following conclusions 
are justified. 
1. CaP^ -activated Z-disk-removing activity of the 
crude protein fraction that can be isolated from skeletal 
muscle is due to a single proteolytic enzyme, called CAP 
g, 
for Ca -activated factor, that can be purified by using 
column chromatographic procedures. This enzyme can be 
purified by using the following sequence of columns: 
1) 0) agarose gel permeation; 2) DBAB-cellulose; 3) Sepha-
dex G-200; DEAE-cellulose; ?) Sephadex G-150. The pro­
tein preparation obtained by using this purification pro­
cedure is 8^ -90% CAP protein as judged by densitometer 
scans of SDS-polyacrylamide gels of purified CAP. Based 
on the 17,000-fold increase in specific activity of CAP 
during purification and on yields of purified CAP, 1 gm of 
skeletal muscle, fresh weight, contains approximately 3*5 
jj.g of CAF. 
2. The CAF molecule contains nonidentical submits 
of 80,000 daltons and 30,000 daltons. The nondenatured 
molecular weight of the CAP molecule is approximately 
112,000 daltons, so each molecule contains one 80,000-
dalton subunit and one 30,000-dalton subunit. The sedimen­
tation coefficient of the CAP molecule is 5*90S. Approximate 
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dimensions of the CAF molecule are x 1^ 7 The amino 
acid composition of CAP is distinct from the amino acid 
composition of other known muscle proteins. 
04-
3. CAF requires 1 mM Ca for maximum proteolytic 
2+ 
activity and 0.1 mM Ca is necessary for appreciable CAP 
activity. CAF is optimally active at pH 7.5 and has very 
little activity below pH 6.0 or above pH 9.0. Proteolytic 
activity of CAF is greater at 37°C than at 25°C, #ich is 
greater than at oPc, but CAF rapidly autolyses at 37°C and 
little CAP activity is present after 5 min at 37°C. A re­
duced sulfhydryl group or groups are necessary for CAF 
activity; 2 mM 2-mercaptoethanol is necessary for maximal 
CAP activity and this activity is not diminished by 2-
mercaptoethanol concentrations up to 1^  mM. CAP is in­
hibited by iodoacetate and is irreversibly inhibited by 
heavy metal ions such as Ni^ "'', Cu^ "*", and The 
presence of EDTA is necessary to preserve CAF activity. 
CAP is not inhibited by soybean trypsin inhibitor and does 
not hydrolyze the synthetic substrates p-toluenesulphonyl-
L-arginine methyl ester^ . a-benzoyl-L-arginine ethyl ester, 
and N=b8nsoyl=L='arginine ethyl ester that are hydrolyzed 
by trypsin, chymotrypsin, and papain, respectively. 
4-. Purified CAP catalyzes Ca^ -^activated removal of 
Z-disks from myofibrils within 3 to 5 min at neutral pH 
but causes no other ultrastrueturally detectable alteration 
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in the myofibril. a-Actinin is released from myofibrils 
during CAP degradation of Z-disks. When incubated with 
individual purified myofibrillar proteins, CAE degrades 
troponin-T, troponin-I, tropomyosin and C-protein and has 
no effect on myosin, actin, or a-actinin. Assembly into 
myofibrils does not make any previously resistant myo­
fibrillar proteins susceptible to CAF nor does it make any 
previously susceptible myofibrillar proteins resistant to 
CAP. Assembly into myofibrils slightly decreases the rate 
of degradation of troponin-T and tropomyosin by CAP but 
has little effect on the rate of degradation of troponin-I 
and C-protein. CAF may have a role in disassembly of the 
myofibril during metabolic turnover of myofibrillar pro­
teins. 
5. Although CAF releases a-actinin from myofibrils, 
it does not release a=actinin bound to F-actin in vitro. 
a-Actinin released from myofibrils by CAF is identical to 
ordinary control a-actinin in elution from DEAE-cellulose 
and hydroxyapatite columns, on SDS-polyacrylamide gel 
electrophoresis, and in ability to accelerate the rate of 
turbidity development of reconstituted actomyosin suspen­
sions. Therefore, CAP seems to release a-actinin from 
myofibrils without degrading it. The interaction binding 
a-actinin to the Z-disk is vivo differs from the inter­
action between purified a-actinin and F-actin in vitro. 
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The nature of the interaction binding a-actinin to the 
Z-disk in vivo is unclear. 
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